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Abstract
T h is  t h e s i s  o u t l in e s  th e  d e s ig n ,  fa b r ic a t io n  a n d  t e s t in g  of e le c t ro a b s o rp t io n  
m o d u la to rs  a n d  m odula to r  a r ra y s  in G aA s/A IG aA s multiple q u a n tu m  well m aterial.
S ingle  e lec troabso rp tion  m odu la to rs  w e re  d e s ig n e d  to h a v e  a  high c o n tra s t  ratio and  
low insertion  lo ss .  For this p u rp o s e  a  2 0 0  per iod  s t ru c tu re ,  co n s is t in g  of iso la ted  
wells 5 0  A wide, w a s  grown by MOVPE. T h e  electric  field w a s  applied , a n d  light w a s  
incident, p e rp en d icu la r  to the  epitaxial laye rs  of th e  dev ice .  On applying a  r e v e r s e  
b ia s ,  a  red  shift of th e  a b so rp t io n  e d g e  w a s  o b s e r v e d .  T h e  p e r fo rm a n c e  of the  
m odula to r  w a s  a s  follows: for an  app lied  vo ltage  of 25  V a n d  working at an  optim ised  
w a v e le n g th  of 8 3 7  nm , th e  m od u la t io n  d e p th  w a s  8 .9 5  dB  a c c o m p a n ie d  by an  
insertion lo ss  of 4 .9  dB for a  d ev ice  with no anti-reflection co a t in g s .
As a  m e th o d  of a s s e s s in g  th e  suitability MQW m o du la to rs  for th e  routing of optical 
s ig n a ls  in a  c o m m u n ic a t io n s  s y s te m ,  individual m o d u la to rs  w e re  con f ig u red  into a  
4 x 4  a rray , th u s  forming a  two d im en s io n a l  spa tia l  light m odula to r .  O n e  of th e  key 
r e q u i r e m e n t s  of s u c h  a  d e v ic e  is to e l im in a te  th e  n e e d  for m a n y  e lec tr ica l  
c o n n e c t io n s  which h in d e rs  the  o p e ra t io n  of la rge  a r ra y s .  A row a n d  co lum n  line 
a d d re s s in g  sy s te m  w a s  u s e d  which is c a p a b le  of e x p an s io n  to large a rrays ,  but which 
re d u c e s  the  m axim um  c o n tra s t  ratio a n d  a l te rs  the  optim um  w av e len g th  of opera t ion  
from th a t  of s ing le  m od u la to rs .  T h e  m odula tion  d e p th  of the  a rray  w a s  r e d u c e d  to
6.1 dB a t  an  op tim ised  o p e ra t in g  w av e len g th  of 838.1 nm by a  com bina tion  of the  
a d d re s s in g  sy s te m  c h o s e n  a n d  of nonuniformities in the  epitaxial material.
T h eo re t ica l  c a lcu la t io n s  h a v e  p re d ic te d  th a t  c o u p le d  well MQW s t ru c tu re s  h a v e  
a d v a n ta g e s  o v e r  u n c o u p le d  MQW s t ru c tu re s  in te rm s  of ach iev ing  a  high c o n tra s t  
ratio without the  n e e d  of a  high drive vo ltage . Two d e v ic e s  con ta in ing  c o u p le d  well 
s t ru c tu re s  w e re  d e s ig n e d  a n d  fab r ica ted . T h e  first dev ice  c o n ta in e d  a  super la t t ice  
with 2 0 0  x 5 0  A w ells  c o u p le d  th ro u g h  3 0  A b a r r ie rs .  A lthough  c h a n g e s  in th e  
abso rp tion  sp e c tru m  w e re  s e e n  for v o l ta g e s  a s  low a s  2 V, the  superla t t ice  exhibited  
low m odulation  d e p th s  (8%). T he s e c o n d  des ig n  u s e d  pa irs  of co u p led  wells iso lated  
by thick b a rr ie rs  to e n h a n c e  th e  e lec tro ab so rp t io n  effect. In c o n tra s t  to s t ru c tu re s  
con ta in ing  iso la ted  wells, u n d e r  a  r e v e r s e  b ia s  th is  s t ru c tu re  exhib ited  an  effective
b lue  shift in th e  a b so rp t io n  e d g e  a t  low e lec tr ic  fields, > 9 x 103 V c m - 1 , a n d  an  
e ffec t ive  red  shift a t  f ie lds  > 3 x 104 V c m - 1 . This  fe a tu re  c a n  b e  op tim ised  to 
p rovide  novel o p e ra t io n  of m o du la to r  a r ra y s  a n d  a  m odu la tion  d e p th  of « 2 dB w a s  
p r e d ic te d  for a  w ork ing  v o l t a g e  of 8 V. F o r  s in g le  m o d u la to r s ,  a  m ax im u m  
m odu la t io n  d e p th  of 3 .8  dB  w a s  in fe rred  from p h o to c u r r e n t  d a t a  for a n  app l ied  
v o l tag e  switching b e tw e e n  1 V a n d  8 V a n d  an  o pera t ing  w av e len g th  of 818  nm.
C h a p t e r  O n e  
In t r o d u c t i o n
1
1.1 Optical communication systems
C o n v ey in g  inform ation by m e a n s  of light is ce r ta in ly  not a  n e w  c o n c e p t .  S u c h  
t r a n s m is s io n  h a s  ta k e n  p la c e  in m a n y  fo rm s  s in c e  th e  possib ility  to c r e a t e  fire, 
re f lec tive  s u r f a c e s  a n d  e lec tr ic  light h a s  e x is te d .  T h e  e a r l ie s t  d e m o n s t r a t io n  of 
c o m p a ra b le  tech n o lo g y  to th a t  p re sen t ly  em p lo y e d  for optical  c o m m u n ic a t io n s  w a s  
p e r h a p s  th e  p h o to p h o n e ,  inven ted  by A lex an d e r  G ra h a m  Bell in 1880 . This dev ice  
va r ied  the  intensity of sunlight in r e s p o n s e  to th e  am pli tude  of s p e e c h  v ibrations. A 
rec e iv e r  cou ld  th e n  b e  u s e d  to reco n v e r t  the  sun ligh t v a r ia t io n s  into an  electrical 
s ignal by m e a n s  of a  de tec to r ,  a n d  s u b s e q u e n t ly  into s o u n d .  [ Gagliardi 1 9 7 6 ]  This 
p ro to type  sy s te m  w a s  c a p a b le  of t ran sm iss io n  o v e r  sho r t  d i s t a n c e s  ( 20 0  m ) but, 
until th e  first d e m o n s t ra t io n  of th e  la s e r  in 1960  by M aim an  a t H u g h e s  Aircraft, 
long haul c o m m u n ic a t io n s  w e re  not fea s ib le .  [ T a m i r 1 9 7 5 ]  A lone, h o w ev e r ,  the  
la se r  cou ld  not so lve  th e  p ro b lem s of s trong  abso rp t io n  of light in the  a tm o s p h e re .  
T h e re fo re ,  d e s p i te  th e  a d v a n ta g e s  o v e r  co n v en tiona l  e lectrical s y s t e m s  offered  by 
th is  inven tion , it w a s  not until th e  d e v e lo p m e n t  of low -loss  op tica l  f ib res ,  by 
Charlie  Kao a t S.T.L, th a t  the  potential of m odern  optical com m unica tion  s y s te m s  w a s  
re a l is e d .
T h e re  a r e  m an y  a d v a n ta g e s  of us ing  the  rapidly d ev e lo p in g  m e th o d s  of optical 
c o m m u n ic a t io n  s y s t e m s  o v e r  e lec tr ica l  wire s y s t e m s .  C o n v e n t io n a l  e le c tr ica l  
s y s t e m s  a r e  limited in th e ir  in fo rm atio n  b a n d w id th  (which is u t i l ised  u s in g  
m ultip lexing a n d  c o d in g  te c h n iq u e s ) .  For  wire a n d  co ax ia l  l ines  th e  av a i la b le  
f re q u e n c y  e x te n d s  from d .c  up to 108 to 109 Hz. By m odula ting  light from s o u rc e s  
s u c h  a s  la s e r s ,  th e  po ten tia l  bandw id th  ava ilab le  is s e v e ra l  o rd e r s  of m ag n itu d e  
h igher  than  in electrical s y s te m s ,  th u s  m uch  m ore  information c a n  b e  transm itted  in 
a  g iven  tim e. T h e  sm aller ,  lighter a n d  increasing ly  le s s  e x p e n s iv e  g la s s  fibres are  
useful for applica t ions  w h e re  s p a c e  is limited or, a s  in th e  c a s e  of u n d e rw a te r  an d  
aircraft c a b le s ,  w h e re  s ize  a n d  w eigh t a re  im portant. Optical fibres a r e  im m une  to 
electrical no ise  a n d  e lec tro m ag n e t ic  in terference , with the  a d v a n ta g e  of no c ross ta lk  
p ro b lem s  s ince  they do not g e n e r a te  their own electrical no ise .  At f re q u e n c ie s  a b o v e  
sev e ra l  kHz, the  lo s s e s  of fibres a re  m uch le ss  than  th o se  of metallic c a b le s ,  need ing  
few er  r e p e a te r s  a n d  the re fo re  reducing  c o s ts .  T he  realization  of t h e s e  benefi ts  h a s  
led to th e  incorporation  of optical s y s te m s  in te leco m m u n ica t io n  n e tw orks  for both 
long a n d  sho rt  d is ta n c e  transm iss ion .
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C o m m unica tion  via optical m e th o d s  h a s  a d v a n c e d  g rea tly  s in c e  Bell's fair w e a th e r  
invention. Im provem en ts  on existing s y s te m s  a re  be ing  continually  m a d e  by reducing 
c o s t s ,  a n d  by increasing  their capacity ,  s p e e d  a n d  efficiency. Novel d e v ic e s  a re  being 
inven ted  a n d ,  in a  c lose ly  re la ted  field, the  'optical co m p u te r '  is beco m in g  a  reality. 
Long term  p la n s  include th e  monolithic in tegration  of co m p a tib le  d e v ic e s  for u s e  in 
o p t ica l  c o m p u te r s  a n d  o th e r  s y s t e m s  requ ir ing  op t ica l  t r a n s m is s io n . [ W h e a t le y  
1 9 8 7 ,  Miller 1 9 8 4 ,  Neff 1 9 8 9 ]  Of p a r t ic u la r  c o n c e r n  in th is  w ork  a r e  op tica l  
m odu la to rs ,  which will now  be  d e sc r ib e d  in the  con tex t  of an  optical co m m u n ica t io n s  
n e tw o rk .
Inco rp o ra ted  in an  optical c o m m u n ic a t io n s  s y s te m , a s  sh o w n  in Figure 1.1, a re  a  
t ran sm it te r ,  a  re c e iv e r  a n d  r e p e a te r s .  T h e  s o u r c e  of light for t ra n sm is s io n  in this 
c a s e  is a  s e m ico n d u c to r  laser. T h e  la se r  co n s is ts  of a  p-n junction d iode  which, w hen  
fo rw ard  b ia s e d ,  em its  rad ia t ion  a t  a  w a v e le n g th  principally  d e te r m in e d  by the  
b a n d g a p  of th e  sem ico n d u c to r .  This radiation c a n  b e  d e te c te d  by using  a  re v e rse  
b i a s e d  p - i -n  s e m ic o n d u c to r  d io d e .  T h e  e lec tro n  a n d  ho le  p a irs ,  c r e a t e d  by th e  
p h o to n s ,  a re  s e p a r a t e d  a n d  sw e p t  ou t of the  dep le tion  region in o p p o s i te  directions, 
th u s  p ro d u c in g  a  c u r re n t  in the  ex te rn a l  c ircu it .[ S z e  198 5  ] For  in fo rm ation  to 
b e  p la c e d  upo n  th e  optical c a r r ie r  s o m e  physica l  p ro p er ty  of th e  b e a m  m u s t  b e  
m o d u la ted  e .g . amplitude, p h a s e  or  frequency . T he  signal is then  carried  by an  optical 
fibre a n d ,  for long t ra n sm iss io n  d is t a n c e s ,  it is n e c e s s a r y  to re-amplify th e  s ignal 
u s in g  r e p e a t e r s .  At th e  rece iv in g  e n d  th e  s ig n a l  is c o l le c te d  by a  d e te c to r ,  
d e m o d u la te d  a n d  ou tp u t  in th e  form requ ired ,  for e x a m p le  a s  a  t e l e p h o n e  s ignal, 
c o m p u te r  d a t a  o r  a  television picture.
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F ig u re  1.1 A schem atic  optical com m unica tions  sy s tem
1.2 Modulation of light
In o rd e r  to m od u la te  light two a p p r o a c h e s  m ay  b e  ta k e n :  d irec t  m odula tion  of the  
light s o u r c e  or, th e  topic  of th is  th e s is ,  u s e  of an  ex te rna l  m odu la to r .  A d v a n ta g e s  
exist in both m e th o d s  but the  d e v e lo p m e n t  of external m odu la to rs  h a s  b e e n  n e c e s s a ry  
a s  th e  fu n d a m e n ta l  lim itations of directly  m o d u la te d  injection l a s e r s  h a v e  b e e n  
r e a c h e d .  [ W o o d  1 9 8 9  ]
1.2 .1  D i r e c t  m o d u l a t i o n  o f  a  l ig h t  s o u r c e
T h e  principal a ttrac tion  of the  d irect m odula tion  te c h n iq u e  is its simplicity, leading 
to a  reduction in the  n u m b er  of c o m p o n e n ts  a n d  e x p e n s e  of a  com m unica tions  sys tem . 
To perform  th e  m odula tion , the  la se r  is b ia s e d  jus t  a b o v e  th re sh o ld  a n d  a  s ignal is 
s u p e r im p o s e d  on  th e  drive cu rren t;  th e  o u tpu t  p o w e r  of th e  l a s e r  is th e re fo re  an  
ana log  of the  modulation waveform.
In c o n v e n t io n a l  s y s t e m s  th e  o u tp u t  p o w e r  is d is t r ib u te d  o v e r  a  n u m b e r  of 
lo n g i tu d in a l  m o d e s  w h ich  m ay  v a ry  with t im e  p a r t icu la r ly  if th e  s y s t e m  is
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m o d u la te d . [ O k a n o  1980  ] Fibre d isp e rs io n  h o w ev e r  d ic ta te s  th a t  for high bit ra te , 
long-hau l  s y s t e m s  a  s ing le  f req u en cy  la se r ,  su c h  a s  a  d is tr ibu ted  f e e d b a c k  (DFB) 
la se r ,  is req u ired .  E ven  us ing  DFB la s e r s  f re q u e n c y  m odu la t ion  o r  chirp  c a n  be  
c a u s e d  by m odulation  ind u ced  var ia t ions  in carr ier  density ,  giving rise to c h a n g e s  in 
th e  re frac tive  index , c h a n g in g  th e  o u tp u t  optical f re q u e n c y .!  Linke 1984  ] In the  
t im e  d o m a in  th e  overa l l  tu rn -on  a n d  turn-off t im e a r e  a l s o  in f lu e n c e d  by the  
p a ra s i t ic s .  F u r th e rm o re  la rge  s igna l r e s p o n s e s  which exhibit s t ro n g  non linea r i t ie s  
a t  high f r e q u e n c ie s  a r e  in h e ren t  to th e  la s e r  ca rr ie r  a n d  p h o to n  ra te  e q u a t io n s .  
S u c c e s s f u l  d i re c t  m o d u la t io n  h a s  h o w e v e r  b e e n  d e m o n s t r a t e d  a t  1 .7  G b its /s  
[ H a k k i 1 9 8 5 ]  a n d  b a n d w id th s  of 15 -16  G H z a t  room  te m p e r a tu r e  [ S u  1 9 8 5 ]  
with 2 2  G H z a t  c o o le d  t e m p e r a t u r e s  [ B o w e r  1 9 8 5 ]  a l s o  b e in g  o b ta in e d .  T h e  
la rg e s t  b andw id th  q u o te d  in th e  l i terature  is 30  G H z [ Yariv 1 9 8 7 ]
1.2.2 External modulation
T h e  u s e  of an  ex te rn a l  m o d u la to r  a llow s m o re  flexibility in th e  s y s te m .  As yet 
m o d u la to r s  (of th e  type  to b e  d i s c u s s e d )  h a v e  no t exh ib ited  m odu la t ion  s p e e d s  
c o m p a r a b l e  with th a t  of th e  f a s t e s t  l a s e r  [ W o o d  1 9 8 8 ]  b u t  p o s s e s s  o th e r  
a d v a n ta g e s  a n d  it is e x p e c te d  theoretically tha t they  will h av e  a  very fas t  re s p o n s e .
T h e  d e v ic e  a r e a  c a n  b e  m a d e  small an d ,  b e c a u s e  of b a c k  b ias ing , th e  junction 
th ic k n e ss  c a n  b e  large. Both of t h e s e  contribute  to a  low c a p a c i ta n c e ,  increas ing  the  
s p e e d  of m odu la t ion .!  W ood  1985  ] Also in high s p e e d  ap p l ic a t io n s  th e  fac t th a t  
m o d u la to r s  c a n  o p e r a t e  a t  lower p o w e r  d is s ip a t io n s  m ay  b e  an  a d v a n ta g e .  T h e  
flexibility, in d e s ig n  a n d  c h o ic e  of m ater ia l ,  a s s o c i a t e d  with e x te rn a l  m o d u la to rs  
m e a n s  th a t  th e y  c a n  b e  ta ilored  to particu lar  s y s t e m s . [ W ood  1 9 8 9 ]
1.3 Operating mechanisms of optical modulators
A n u m b e r  of te c h n iq u e s  which h av e  b e e n  exploited  in d e v ic e s  to m o du la te  light a re  
d i sc u s se d  below.
1.3.1 Acousto-optic modulators
F or s o m e  a p p l i c a t io n s  in in te g r a te d  o p t ic s ,  p a r t ic u la r ly  a t  low m o d u la t io n  
f r e q u e n c ie s ,  th e  in terac tion  of an  optical b e a m  with a c o u s t ic  w a v e s  is exp lo ited . 
Certa in  c ry s ta ls  exhibit c h a n g e s  in th e  refractive index d u e  to the  m ech an ica l  strain,
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p r o d u c e d  by the  p ro p a g a t io n  of u l t ra son ic  w a v e s  th ro u g h  th e m .  This  re su l ts  in 
c o m p r e s s io n s  a n d  r a r e f a c t i o n s  which c a u s e  the  refrac tive  index  to i n c r e a s e  an d  
d e c r e a s e .  Light in c id en t  o n to  th e  a c o u s to -o p t i c  m a te r ia l  is s c a t t e r e d  off the  
a l te rna ting  s u r f a c e s  of high a n d  low refractive index, e a c h  of which r e p e a t s  a t  the  
ac o u s t ic  w av e len g th ,  a s  in Figure 1.2. T h e  optical f req u en cy  is sh if ted  by an  am oun t 
equa l  to the  acous tic  frequency . It is poss ib le  to ob ta ined  m odulation d e p th s  a s  high a s  
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F ig u re  1.2 Acousto-optic modulation
A typical bulk aco u s to -o p t ic  m odula tor  h a s  a  p iezoelectr ic  t r a n s d u c e r  b o n d e d  onto  a  
block of acous to -op tic  material. T h e  r.f. information is th u s  p h a s e  m o d u la ted  on to  the 
optical  b e a m .  A m plitude  m odula t ion  is a c h ie v e d  by vary ing  th e  r.f. p o w e r  which 
c h a n g e s  the am oun t of the  incident b e a m  that is deflected.
1 .3 .2  E l e c t r o - o p t i c  m o d u l a t o r s
T h e  e lec tro -op tic  effec t c a n  b e  broad ly  def ined  to inc lude  c h a n g e s  in refractive 
index, abso rp tion  a n d  sca t te r in g  c a u s e d  by the  application  of an  elec tr ic  field to a  
m a te r ia l .  T h e  v e rsa t i l i ty  of th is  e f fec t  d e e m s  th a t  all fo rm s  of m o d u la t io n  
( a m p l i tu d e ,  p h a s e ,  in ten s i ty  a n d  f r e q u e n c y ) a r e  p o s s ib l e ,  with b r o a d b a n d  
o p e ra t io n  a c h ie v a b le  a t  m an y  optical w a v e le n g th s . [ T am ir  1 9 7 5  ]
T h e  m ain  e lec tro -o p t ic  m e c h a n is m  utilised in m o d u la to r  d e v ic e s  is th e  P o ck e ls  
effect,  which is linear in app lied  electric  fields. C o n s id e r  a  c rys ta l  which h a s  the  
electric  field a n d  the  direction of the  propaga ting  b e a m  parallel to the  optical axis. In 
the  a b s e n c e  of the  electric  field an y  ray p ropaga ting  in the  d irection parallel to the
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optical ax is  is an  ordinary  ray. A s e c o n d  optical axis  is in d u ced  by the  e lectric  field, 
in a  p la n e  p e rp e n d ic u la r  to  th e  field, w h o s e  d irec t ion  d e p e n d s  on  th e  c rys ta l  
s t ru c tu re .  Th is  an iso tro p y  le a d s  to  r a y s  p o la r is e d  with the ir  e lec tr ic  field v e c to r s  
para lle l  to th e  in d u ced  optical ax is  e x p e r ien c in g  a  d ifferent refrac tive  index known 
a s  th e  ex trao rd in a ry  refrac tive  index . T h e re fo re ,  in an  e lec tr ic  field, th e  c rys ta l  
a c t s  on  th e  light ray a s  a  b irefr ingent c rys ta l  w h o s e  optica l ax is  lies in a  p lan e  
p e rp e n d ic u la r  to  th e  d irection  of p ro p a g a t io n .  T h e  P o c k e ls  e ffec t  o c c u r s  for both 
paralle l a n d  p e rp e n d ic u la r  application  of th e  e lectric  field. It is p o ss ib le  to c o n s tru c t  
in tensity , po la risa tion  a n d  f req u en cy  m o d u la to rs  utilising this effect.
A sm alle r ,  s e c o n d  o rd e r  e lec tro-optic  effect, a lso  ex is ts .  This effect, known a s  the 
Kerr e ffec t,  is q u a d ra t ic  in re la tion  to  th e  ap p l ie d  e lec tr ic  field bu t in g e n e ra l  
requ ires  a  g r e a te r  drive voltage  than  the  P o ck e ls  effect.
E lectro-optic  m o du la to rs  utilising th e  P o c k e ls  effec t h a v e  b e e n  d e m o n s t r a te d  a n d  
a re  com m erc ia l ly  ava ilab le  for m an y  app lica t ions .  In lithium n io b a te  th e  p r o c e s s e s  
of p ro to n -e x c h a n g e  a n d  titanium oxide in-diffusion a re  u s e d  to fab r ica te  w a v e g u id e s  
for u s e  in P o c k e ls  effect intensity m od u la to rs .  Travelling w a v e  intensity m o d u la to rs  
h a v e  b e e n  d e m o n s t r a te d  [ Izutsu 1 9 8 8 ]  which h a v e  an  extinction ratio of 9 8 %  a n d  
a  bandw idth  of 18 G Hz at a  drive vo ltage  of 8.8 V.
"" E le c tro d e
Electrode
Electrode -
F ig u re  1.3 A symmetric M ach-Z ehnder electro-optic m odulator
T h e  input light to  th e  M a c h -Z e h n d e r  e lec tro -o p t ic  m o d u la to r  is split into two 
po rt ions  u s ing  a  Y-junction. E ach  a rm  of th e  sy m m etr ic  M a c h -Z e h n d e r ,  sh o w n  in 
Figure 1.3, is p h a s e  m o d u la ted  s e p a ra te ly  a n d  th e  light is th en  a llow ed to co m b in e
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a g a in  e i th e r  c o n s tru c t iv e ly  or  d e s tru c t iv e ly  in a n o th e r  Y -junction, th u s  a  M ach- 
Z e h n d e r  in te r fe ro m e te r  is fo rm ed . D ev ices  with drive v o l t a g e s  a s  low a s  0 .65  V 
[ D u c h e t  1 9 8 9 ]  a r e  n o w  b e in g  d e m o n s t r a t e d  in a  r e f le c t iv e  M a c h - Z e h n d e r  
configura tion , w h e re  th e  reflective s t ru c tu re  is u s e d  to low er th e  drive v o l tag e  by 
in c rea s in g  th e  in teraction  length.
A n o the r  m e th o d  of m odula ting  th e  light is to u s e  a  d irectional c o u p le r  (Figure 1.4) 
w h e re  the  coupling of an  optical b e a m  b e tw e e n  w a v e g u id e s  is var ied  by applying an  
elec tr ic  field. In th e  a b s e n c e  of an  elec tr ic  field total t r a n s fe r  of e n e rg y  from the  
la u n c h e d  gu ide  into th e  u n la u n c h e d  gu ide  is o b ta in ed  in a  length ca lled  the  coupling 
length. T h e  application of a  vo ltage  re d u c e s  the  portion of en e rg y  t ransfe r red  b e tw een  
th e  two w a v e g u id e s .  Using this m e th o d  of intensity m odulation , m odulation  d e p th s  a s  
high a s  9 0 %  with a  d r ive  v o l ta g e  of 17 V [ B ozhevo lny i  1 9 8 2  ] a n d  a l s o  fa s t  
op e ra t io n ,  33  p s  a t  a  vo l tag e  of 8 V [ Korotky 1983 ] h a v e  b e e n  d e m o n s t ra te d .
Input Output
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F ig u re  1.4 A directional coupler utilising the e lectro-optic effect
T h e  po ten tia l  of the  e lec tro -op tic  effect is a lso  be ing  re a l i s e d  in o th e r  m ater ia l  
s y s t e m s .  A novel p o ly m er  m o d u la to r  h a s  b e e n  d e m o n s t r a t e d  [ D ie m e e r  198 9  ] 
a c h iev in g  c o m p a r a b le  f igu res  of merit to lithium n io b a te .  T h u s  high m odu la t ion  
d e p th s ,  low drive v o l ta g e s  a n d  fas t  opera t ion  a re  po ss ib le  in o rg an ic  m a te r ia ls  using 
th e  l inear  e lec tro -op tic  effect.
1.4 Electroabsorption
During th e  p r o c e s s  of e lec tro ab so rp t io n  an  electric  field in d u c e s  a  c h a n g e  in the  
ab so rp t io n  s p e c t ru m  of a  m a te r ia l  a t  e n e r g ie s  n e a r  its b a n d g a p . [  Stillm an 1976  ]
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This o c c u rs  d u e  to a  shift of the  b a n d  e d g e s  allowing transitions to tak e  p lace  at lower 
p h o to n  e n e rg ie s ,  which w e re  fo rb idden  in th e  a b s e n c e  of th e  e lec tr ic  field. S u c h  
d ra m a t ic  a l te ra t io n  of th e  ab so rp t io n  le a d s  to a  ve ry  fa s t  a n d  s im p le  m e th o d  of 
m o d u la t in g  light. In te re s t  in th is  e f fec t  is h e ig h te n e d  by its a d d e d  capab ili ty  of 
providing a  m e a s u r e  of th e  am o u n t  of light m odula ted . T h e  incident p h o to n s  g e n e ra te  
e l e c t r o n - h o le  p a i r s  w h ich  a r e  s w e p t  o u t  by th e  e le c t r ic  field p ro d u c in g  a 
ph o to cu rren t .  This  e n a b le s  th e  dev ice  not only to m o du la te  light bu t a lso  to d e te c t  it, 
th e r e f o r e  no v e l  d e v i c e s  a r e  p o s s ib le  [M ille r  1 9 8 8 ] .  E le c t ro a b s o rp t io n  is th e  
re s u l t  of two e f fe c ts ,  th e  F ra n z -K e ld y sh  e f fec t  in bulk  s e m ic o n d u c to r s  [ F ra n z  
1 9 5 8  a n d  K e ldysh  1 9 5 8 ]  a n d  th e  Q u a n tu m  C on f in ed  S ta rk  Effect in multiple 
q u a n t u m  well s y s t e m s . ]  Miller 1 9 8 4 ]
T h e  orig inal e ffec t  in bulk m ater ia l  w a s  in d e p e n d e n t ly  p r o p o s e d  by F ran z  a n d  
K e ldysh  in 1 9 5 8 .  T h e ir  th e o r ie s ,  ex p e r im en ta l ly  verified  by J .R .  Dixon a n d  J.M. 
Ellis [ 1 9 6 1  ], s t a t e d  th a t  w h e n  a  s e m ic o n d u c to r  c ry s ta l  is p la c e d  in a  uniform 
e lec tr ic  field, a b so rp t io n  t a k e s  p la c e  a t  op tica l w a v e le n g th s  w h e re  it w ould  not 
normally occur. A de ta i led  d iscuss ion  of this effect is p r e s e n te d  in C h a p te r  2.
In r ecen t  y e a r s  e m p h a s is  h a s  b e e n  p laced  on multiple q u a n tu m  wells a s  a  m e a n s  of 
e n h a n c i n g  t h e  e l e c t r o a b s o r p t i o n  e f f e c t  [ M iller  1 9 8 5 - 1 9 8 9  ]. In t h e s e  
s t ru c tu re s ,  o n  th e  app lica t ion  of an  elec tr ic  field, th e re  is a  c le a r  red  shift of the  
a b s o rp t io n  e d g e  of th e  m a te r ia l .  This  m e c h a n is m  fo rm s  th e  b a s i s  of th e  work 
p r e s e n te d  in this th e s is  a n d  is ex am in ed  in detail in C h a p te r  2.
1.4.1 Electroabsorption modulators - Literature review
M o d u la to rs  b a s e d  on  e le c t ro a b so rp t io n  e f fec ts  c a n  b e  d iv ided  into th re e  ty p e s .  
Firstly a r e  d e v i c e s  co n f ig u red  into w a v e g u id e  s t ru c tu re s  to p rov ide  s t ro n g  light 
c o n f in e m e n t ,  low insertion  l o s s e s  a n d  high c o n t ra s t  ra tios .  S e c o n d ly  a r e  d e v ic e s  
p r o p o s e d  rela tively recen t ly  which a re  p e rp e n d ic u la r  reflection  m o d u la to r s  which 
c a n  a l s o  in c o rp o ra te  mirror s t a c k s  to form a  Fabry  P e ro t  cavity  providing high 
c o n t r a s t  r a t io s  a n d  low in s e r t io n  l o s s e s ,  w ith o u t  p e n a l t i e s  in th e  d r ive  
v o l t a g e . [ W h i te h e a d  198 9  ] T h e  in ser t ion  lo s s  of the  w h o le  s y s te m  is, h o w ev e r ,  
in c re a s e d  by th e  n e c e s s a r y  inclusion of a  b e a m  splitter to control the  reflec ted  b e a m  
of light. Finally th e  m odula to r  de s ig n  which is of in te res t  to this th e s is ,  o p e r a te s  in a
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p e rp e n d ic u la r  m o d e  w h e re  th e  light a n d  e lec tr ic  field a r e  p e rp e n d ic u la r  to th e  
g row th  d irection  of th e  crysta l .  A literature  review  of d e v ic e s  o p e ra t in g  in e a c h  of 
t h e s e  m o d e s  will now  b e  p re s e n te d  with e m p h a s is  on  the  m ateria l s y s te m s  which will 
b e  e x a m in e d  in th is  work, i.e. gallium a r s e n id e  [ G a A s  h e re a f te r  ] a n d  alum inium  
gallium  a r s e n id e  [ AIGaAs ].
1 .4 .2  T r a n s m i s s i o n  m o d u l a t o r s  - W a v e g u i d e  s t r u c t u r e s
A w a v e g u id e  m odu la to r  is sh o w n  in Figure 1.5, w h e re  th e  light is incident parallel 
to  th e  l a y e r s . [ W e in e r  1 9 8 5  ] T h e  la y e r s  a r e  d e s i g n e d  to p ro v id e  s t ro n g  light 
c o n f in e m e n t  a n d  a r e  c o n f ig u re d  in a  p - i - n  d io d e ,  to a llow  th e  ap p lica t ion  of 
m o d e ra te ly  high e lec tr ic  f ie lds ( 1 0 5 V /c m ) .  B e c a u s e  th e  ac t iv e  reg ion  is thin 
only low r e v e r s e  v o l ta g e s  a re  requ ired . For a  bulk G a A s  w a v e g u id e  m odu la to r  of 
length  3 9 0  |im  th e  insertion loss  w a s  found to b e  le s s  than  10%  or 0 .4  dB [ Wight 
198 8  ] with an  extinction ratio of 29  dB a t  an  applied  vo l tag e  of 38  V. O n reducing 
th e  length  of th e  d e v ic e s  a  lower vo ltage  of 8 V g a v e  an  extinction ratio of 20 dB an d  
an  insertion lo ss  of 0 .3  dB. In op tim ised  d e v ic e s  it w a s  p red ic ted  th a t  an  extinction 
ratio of 18 .5  dB cou ld  b e  o b ta in e d  for 62  p.m long d e v ic e s  w orking a t  only 10 V. 
Attention w a s  tu rn e d  to multiple q u a n tu m  well m ateria l  to a t te m p t  to e n h a n c e  the  
m o d u la to r  c h a ra c te r is t ic s .
w
AuGe
2 . 2 \ m  n GaAs 
2 .2 j im  n GaAs
2 .2 | lm  i  GaAs 
2 . 2)Xm p GaAlAs  
2 . 2om p GaAs
p GaAs s u b s t r a t e
F ig u re  1.5 Bulk G aA s w aveguide  m odulator
Q u a n tu m  well s y s te m s  exhibit c le a r  c o n f in em en t  of exc itons  within po ten tia l  wells
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e v e n  a t  room te m p e ra tu re .  This con finem en t le ad s  to e n h a n c e d  abso rp tion  effects  and  
th e  exc iton ic  a b so rp t io n  fe a tu re  p e r s i s t s  to relatively high e lec tr ic  fields. It shou ld  
the re fo re  b e  p oss ib le  to fabrica te  d e v ic e s  c a p a b le  of h igher  c o n tra s t  ratios th an  th o se  
of th e  bulk d e v ic e s .  Hindering the  p ro g re s s  of th is  relatively re c e n t  te ch no logy  is the  
ability to  con tro l  th e  th ic k n e s s  of th e  w ells  d u r ing  g ro w th  a n d  th e  quality  of 
in te r fa c e s  b e tw e e n  th e  v a r io u s  lay e rs .  A d v a n c e s  in th is  field h a v e  e n a b le d  th e  
fabrication  of high quality d e v ic e s  c a p a b le  of not only ach iev ing  high c o n t ra s t  ratios 
a n d  low insertion  l o s s e s  bu t  a lso  fa s t  m odu la tion  [ Miller 198 8  ].
A multiple q u a n tu m  well w a v e g u id e  m o du la to r  with a  c o n t ra s t  ratio of 7:1 a n d  a  
drive vo l tag e  of le s s  th an  1 V h a s  b e e n  d e m o n s t r a te d  in the  G aA s/A IG aA s sy s te m  
[ W e in e r  198 7  ]. A similar w a v e g u id e  d e v ic e  h a s  b e e n  d e m o n s t r a te d  which h a s  an 
on/off  ratio of 10 dB a n d  a  s p e e d  of 97  p s .  A lthough  th is  d e v ic e  ex h ib ited  an  
insertion  lo ss  of 7  dB, neg lec t ing  coupling lo s s e s ,  it is e x p e c te d  th a t  this could  be  
r e d u c e d  to  a  level a s  low a s  0.1 dB  by em p lo y in g  an t i - re f le c t io n  c o a t in g s  
[ W o o d  1 9 8 8 ] .  All of t h e s e  d e v ic e s  w ork in t r a n s m is s io n  w h e re  th e  light is input 
to the  w avegu ide , m odula ted  in the  active region an d  d e te c te d  after leaving the  device.
1.4.3 Reflection modulator devices
A novel m e th o d  of im proving the  c o n t r a s t  ratio w ithout p e n a l t i e s  in th e  drive 
v o l ta g e  is to o p e r a t e  a  p la n a r  m o d u la to r  in reflec tion  m o d e .  Light is inc iden t 
perp en d icu la r ly  o n to  th e  front fa c e  of th e  crystal.  A reflective mirror, cons is t ing  of 
q u a r te r  w a v e  s ta c k s  of a lternating  layers  of AlAs a n d  GaAIAs, is g row n be fo re  the  
multiple q u a n tu m  well layer. T h e  incident light is re f lec ted  b a c k  th rough  th e  active 
region experienc ing  twice the  absorp tion . In this m a n n e r  th e  a d v a n ta g e  of twice the 
abso rp t io n  is g a in ed ,  possib ly  leading to a  h igher co n tra s t  ratio, w ithout p en a l t ie s  in 
th e  drive vo ltage . S u c h  d e v ic e s  (Figure 1.6) fab r ica ted  from G aA s/A IG aA s multiple 
q u a n tu m  wells exhibited  c o n tra s t  ratios of 8:1 at an  o p e ra t in g  f req u en cy  of 5 .5  G Hz 
[ B o y d  1 9 8 9 ] .  By vary in g  th e  p a r a m e t e r s  invo lved , c o n t r a s t  ra t io s  initially of 
100:1 ( in se r t io n  lo s s  of 3 .5  dB ) a n d  s u b s e q u e n t ly  im p ro v e d  to  227:1  with th e  
insertion  lo ss  of th e  d e v ic e  r e d u c e d  to 2 .6  dB, w e re  ac h ie v e d .!  W h i te h e a d  1989  ] 
With a  drive vo ltage  of 7  V, a  co n tra s t  ratio of 7:1 w a s  a lso  o b ta in e d  in this m o d e  of 
o p e r a t i o n . [ S i m e s  1 9 8 9  ]
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F ig u re  1.6 Reflection modulator
1 .4 .4  T r a n s m i s s i o n  m o d u l a t o r s - P e r p e n d i c u i a r  m o d e
In bulk G a A s ,  p la n a r  d e v ic e s  h a v e  b e e n  d e m o n s t r a t e d  [W ig h t  1 9 8 5 ]  with the  
e lec tr ic  field e i the r  parallel to the  b e a m  (LEAM) o r  p e rp e n d ic u la r  (TEAM), th e  light 
b e in g  in c id en t  p e r p e n d ic u la r  to  th e  g row th  la y e r s .  ( F ig u re  1 .7  (a) a n d  (b) 
respec tive ly )  A p-i-n  s tru c tu re  is e m p lo y ed  in the  LEAM to allow the  application  of 
th e  e lec tr ic  field.
Light





Q u a r tz  t r a n s p a re n t  
s u b s t r a t e
ac tive  width 
2 p m
d = 8 p m
F ig u re  1.7 LEAM an d  TEAM electroabsorption m odulators
In th e  t r a n s v e r s e  m odula to rs ,  in which th e  electric  field is app lied  b e tw e e n  su rface  
e le c t ro d e s  t r a n s v e r s e  to th e  optical p a th ,  a  m odulation  d e p th  a s  high a s  50%  w a s  
a c h ie v e d  for an  app l ied  v o l tag e  of 3 0  V. T h e  d e p th  a c h ie v e d  in th e  longitudinal
12
sy s te m , w h e re  th e  field is app lied  p ara lle l to th e  op tica l p a th , w a s  25%  a t a  drive 
vo ltag e  of 5  V. T h e  e x p e c te d  bandw idth  of su ch  d e v ic e s  w a s  10 G H z.
T ra n sm iss io n  m o d u la to rs  w hich o p e ra te  in th is  m o d e  h a v e  a lso  b e e n  fa b ric a ted  in 
MQW s y s te m s . T h e s e  a re  particularly  re lev an t to th is th e s is  a n d  an  d e ta ile d  an a ly s is  
of th e s e  is p re se n te d  in C h a p te r  3 .
1.5 Synopsis of thesis
T h e  a im s of th is  th e s is  a re  to ou tline  th e  s te p s  ta k e n  in d es ig n in g , fab ricating  an d  
te s tin g  an  e lec tro ab so rp tio n  m odulato r. T he  first s te p  w a s  to  d e s ig n  an d  te s t  a  sing le  
e le c tro a b s o rp tio n  m o d u la to r . T h e  p rin c ip le  o b je c tiv e s  w e re  to  a c h ie v e  a  high 
c o n tra s t  ra tio  a n d  low in sertio n  lo s s  for th e  d e v ic e . F or th is  p u rp o s e  a  2 0 0  well 
s tru c tu re  w a s  g row n, from  w hich th e  quality  of th e  grow th  te c h n iq u e  could  a lso  be  
a s s e s s e d .  T h e  e lec tric  field an d  th e  tran sm itted  light w ere  bo th  p e rp en d icu la r  to the  
ep itax ia l lay e rs  in th is d ev ice  a s  sh ow n  in F igure 1.8.
lig h t
p -o h m ic
77 7 7 ? / / / / / / / \
MQW
n substrate
n -o h m ic
F ig u re  1 .8  P erpend icu lar e lec troabsorp tion  m odulator
In th e  c o u rse  of th is w ork, a s  a  m eth o d  of a s s e s s in g  th e  suitability of th e  d ev ice  for 
th e  rou ting  of op tica l s ig n a ls  in a  c o m m u n ic a tio n s  s y s te m , individual m o d u la to rs  
w e re  c o n fig u re d  into a  4 x 4 a rra y , to  form  a  tw o d im e n s io n a l sp a tia l  light 
m o d u la to r.[ F e ite s lo n  198 9  ] O n e  of th e  key  re q u ire m e n ts  of su c h  a  d e v ic e  is to 
e lim in a te  th e  n e e d  for m an y  e lec trica l c o n n e c tio n s  w hich h in d e rs  th e  o p e ra tio n  of
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la rge  a rra y s  an d  this problem  an d  th e  com plex  fabrication  is a d d re s s e d  in C h a p te r  4.
A p ro b le m  a s s o c ia te d  w ith e x is tin g  p e rp e n d ic u la r  m o d u la to r s , o p e r a te d  in 
tra n sm iss io n  m o d e , is th e  a c h ie v e m en t of a  high c o n tra s t ratio , w ithout sac rif ic e s  in 
th e  ov era ll in sertio n  lo ss . A s a  m e a n s  of im proving th e  c h a ra c te r is t ic s  of p la n a r  
MQW  m odu la to rs , co u p led  well s tru c tu re s  w ere  s tu d ied . Two d e v ic e s  w e re  d e s ig n e d  
a n d  fab rica ted  a n d  th e  initial re su lts  for th e s e  a re  p re s e n te d  in C h a p te r  5.
T h e  th e s is  is c o n c lu d e d  in C h a p te r  6  with a  d isc u ss io n  of th e  re su lts . T h e  th re e  
layer d e s ig n s  u se d  for th e  sing le  m o du la to rs a re  a s s e s s e d .  F u tu re  w ork in relation to 
th is  th e s is , bo th  in th e  layer d e s ig n s  a n d  SLM a re a , is p ro p o se d .
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C h a p t e r  T w o  
T h e o r y
Introduction
In this chapter the physical properties of semiconductors and in particular those of 
multiple quantum wells are discussed.
The energy levels of the quantum wells are calculated for both finite and infinite 
potential wells and these solutions are modified to include the effects of an applied 
electric field. Using this model the effect of the electric field on the absorption spectrum 
of MQW structures is determined.
A full discussion of the electroabsorption effect in MQW's is presented here 
incorporating a review of theoretical models from the literature.
The latter part of this chapter is concerned with the physics associated with the p -i-n  
diode configuration used in the optical transmission modulators.
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2.1 Semiconductors
F or o v e r  a  c e n tu ry  s tu d ie s  into th e  p ro p e rtie s  of se m ic o n d u c to rs  h a v e  p ro g re s se d , 
o ften  in a d v e rs e  c o n d itio n s  d u e  to  th e  p o o r m ateria l quality . S e m ic o n d u c to rs  w ere  
initially d is tin g u is h e d  from  m e ta ls  on  th e  b a s i s  o f th e ir  n e g a tiv e  te m p e ra tu re  
c o e f f ic ie n t  o f r e s i s t a n c e  [ S m ith , R .A  1 9 7 8  ] i .e .  th e  r e s i s t a n c e  o f a  
se m ic o n d u c to r  fa lls with th e  in c re a s in g  te m p e ra tu re  w hile th a t of a  m e ta l r ise s . 
S u b s e q u e n t ly  o th e r  p ro p e r t ie s ,  w h ich  d if fe re n tia te  s e m ic o n d u c to r s  from  b o th  
in su la to rs  a n d  c o n d u c to rs , e m e rg e d .
From  an  e le c tro n ic  v iew poin t th e  d iffe ren ce  in co n d u c tiv itie s  b e tw e e n  th re e  ty p e s  
of m ateria l is th e  m o st im portan t: se m ic o n d u c to rs  h a v e  conductiv ities b e tw e e n  th o se  
of c o n d u c to rs  a n d  in su la to rs , th e  co n d u c tiv itie s  of s e m ic o n d u c to rs  b e in g  g en e ra lly  
s e n s itiv e  to  te m p e ra tu re , illum ination, m a g n e tic  field, a n d  m inu te  c o n c e n tra tio n s  of 
im purity  a to m s . T h e  conductiv ity  d e p e n d s  on  tw o fa c to rs , th e  n u m b e r  of cu rre n t
c a r r ie r s  p e r  unit vo lu m e a n d  th e ir  m otion u n d e r  an  a p p lie d  e le c tr ic  field, i.e. th e
c a rr ie r  m obility. T h e  n u m b e r of c u rre n t c a r r ie rs  in a  m e ta l is e s se n tia lly  c o n s ta n t 
w hilst in a  p u re  se m ic o n d u c to r  th e  n u m b e r r is e s  a s  th e  te m p e ra tu re  is in c re a s e d . 
T he  Hall e ffect w a s  th e  first te ch n iq u e  u se d  to  d e m o n s tra te  th is e s se n tia l  d ifference.
A s fu r th e r  s tu d ie s  w e re  m a d e , m o re  in te re s tin g  p ro p e r t ie s  a n d  fu n d a m e n ta l 
d iffe re n c e s  b e tw e e n  individual s e m ic o n d u c to r  m a te r ia ls  a lso  e m e rg e d . A m ong th e  
m o s t p o p u la r  m a te r ia ls  in v e s tig a te d  initially w e re  silico n  a n d  its n e ig h b o u rin g  
p e r io d ic  ta b le  m e m b e r  g e rm a n iu m . H o w e v e r  r e c e n t  in te r e s t  in c o m p o u n d  
s e m ic o n d u c to r s ,  fo rm e d  from  e le m e n ts  from  g r o u p s  III a n d  V ( a ls o
la tte r ly  II a n d  V I ) of th e  p e r io d ic  ta b le , h a s  led  to  th e  d is c o v e ry  of o p tic a l
p ro p e r t ie s  d iffe re n t to  th o s e  of s ilicon . T h e  flexibility of t h e s e  c o m p o u n d s  h a s  
p ro v id ed  n ew  o p p o rtu n itie s  in th e  field of o p to e le c tro n ic s , th e ir  b a s ic  p ro p e r tie s  
now  b e in g  well u n d e rs to o d  a s  o u tlined  in th e  nex t se c tio n . Of p a rticu la r in te re s t in 
th is  th e s is  is th e  lll-V co m p o u n d  G aA s a n d  th e  re la ted  alloy of (AIGa)As.
2.2 Basic semiconductor theory : Energy bands
T h e  b a s ic  c h a ra c te r is t ic s  of s e m ic o n d u c to rs  a re  o u tlin e d  in m an y  tex t b o o k s . 
[ f o r  e x a m p l e  S m i th  1 9 7 8 ,  S z e  1 9 8 5 ,  N a g  1 9 8 0 ,  a n d  S e e g e r  1 9 7 3  ] T o  
u n d e rs ta n d  th e  n a tu re  of th e s e  u n ique  p ro p e rtie s , it is n e c e s s a ry  to in v es tig a te  their
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e n e rg y  b a n d  s tru c tu re .
In an  iso la ted  a to m  th e  e le c tro n s  c an  only h av e  d isc re te  e n e rg y  levels, d e sc r ib e d  by 
th e  B ohr m odel of th e  hyd rogen  a tom . W hen two a to m s a re  b ro u g h t c lo se  to g e th e r  the  
le v e ls  will sp lit into tw o d u e  to  th e  in te ra c tio n  b e tw e e n  th e  a to m s  a n d  to th e  
ex c lu sio n  p rincip le . S im ilarly if N su c h  a to m s  a re  b ro u g h t c lo s e  to g e th e r  to form  a  
c ry s ta l  th e  leve l will sp lit in to  N c lo se ly  s p a c e d  le v e ls , e s s e n tia l ly  fo rm ing  a  
con tinuum . If th e  d is ta n c e  b e tw e e n  th e  a to m s is fu rther re d u c e d  th is  b a n d  sp lits  ag a in  
into tw o b a n d s , nam ely  th e  conduction  a n d  v a le n c e  b a n d s , s e p a ra te d  by a  'fo rb idden  
reg io n ' ca lled  th e  b a n d g a p , a s  sh o w n  in F igure 2 .2 .1 . [ S z e  1 9 8 5 ]
Electron Energy
Lattice Spacing
Figure 2.2.1 Form ation of th e  en erg y  b a n d s
2.3 Theoretical calculation of the energy bands
To ex p la in  th e  n a tu re  of th e  e n e rg y  b a n d  se v e ra l th e o re tic a l m o d e ls  h a v e  b e e n  
d e v e lo p e d , o f p a r tic u la r  r e le v a n c e  a r e  th e  f re e -e le c tro n , tig h t b in d ing  a n d  th e  
K ro n ig -P en n ey  m o d e ls .
2.3.1 Free electron approximation
T h e  b a n d  s tru c tu re  or E-k re lation  for e le c tro n s  in a  so lid  is g iven  by th e  so lu tion  
of th e  tim e -in d e p e n d e n t S ch rd d in g e r eq u a tio n  :
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po ten tia l en e rg y  of an  e lec tro n
h k 2k inetic  e n e rg y  [given by (for a  p a ra b o lic  
b a n d ) ]
e lec tro n  re s t  m a s s  
w av efu  notion
P lan ck 's  c o n s ta n t d iv ided  by 2n
T h e  g e n e ra l so lu tion  of th is eq u a tio n  is th e  Bloch function
W = u k(r)exp( ik .  r) 2 . 2
u k(r + d ) = u k(r) p erio d ic  function  of r 
d prim itive tra n s la tio n  v e c to r  of th e  la ttice
k lab e ls  s ta te  d e sc r ib e d  by th e  w avefunction
. _  2tc 
a
In th is m odel only s ta te s  with an  e n e rg y  m uch la rg er th an  V(r) a re  c o n s id e re d . T he  









Figure 2.3.1 E-k relation  a s  d e riv ed  using  th e  free -e lec tro n  m odel 
[ K i t t e l  1 9 7 6  ]
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T h e  figu re  i llu s tra te s  th a t th e  c o n tin u o u s  e n e rg y  lev e ls  o f a  f re e  e le c tro n  a re  
g ro u p e d  into b a n d s  in a  solid. W hen th e  free  e lec tron  m odel is valid, th e  w idths of the  
forb idden  b a n d s  a re  sm a lle r th an  th o se  of th e  allow ed b a n d s .
N ear th e  b an d  e d g e s , i.e. w hen
2 . 3
w h e re k = an d  n is a n  in teger L
th e  E -k re la tio n  a p p ro x im a te s  to  a  p a ra b o lic  re la tio n . [ N a g  1 9 8 0 ]  A m o re  
d e ta i le d  d is c u s s io n  o f th is  m o d e l c a n  b e  o b ta in e d  by  re fe rrin g  to  Kittel 1 9 7 6 , 
C h a p te r  7 , a n d  N ag 1980, C h a p te r  4 .
2 .3 .2  T ig h t  b in d in g  m o d e l
A n o th e r a p p ro a c h  to  s tu d y  th e  n a tu re  of th e  e n e rg y  b a n d  s tru c tu re  is to  co n stru c t 
th e  c ry s ta l from  sin g le  a to m s  w hich a re  infinitely fa r aw ay  from  e a c h  o th e r , a n d  to  
s e e  how  th e  d isc re te  a tom ic  levels a re  c h a n g e d  during  th is p ro c e s s . W hen  th e  a to m s 
a re  far from e a c h  o th e r  th e  e lec tro n s  a re  tightly b o u n d  to e a c h  a tom , h e n c e  th e  n am e  
of th e  m odel.
T h e  d is c re te  a to m ic  lev e ls  tran sfo rm  into b a n d s  d u e  to  th e  p e r tu rb a tio n  in th e  
a tom ic  p o ten tia ls  c a u s e d  by th e  neighbouring  a to m s. If th e  sp ac in g  b e tw e e n  th e  a to m s 
is su c h  th a t th e  p e rtu rb a tio n  in th e  po ten tia l is sm all, th e  e lec tro n  w av efunc tion  in 
th e  solid  will h a v e  th e  b a s ic  c h a ra c te r  of th e  a tom ic  w avefunction .
In th e  tigh t b ind ing  ap p ro x im atio n , th e s e  co n d itio n s  a re  a s s u m e d  to  hold  a n d  th e  
e lec tro n  w avefunction  is tak en  to b e
T h e  re su lts  of th e  tight binding ap p rox im ation  app ly  only w h en  m , th e  e ffec tive
m a s s , is la rg e . In c o m p o u n d  se m ic o n d u c to rs  m is o ften  sm all a n d  th e  tight binding 
m odel is no t valid .
2 . 4n
u 0( r - r n) re p re se n ts  the  atom ic w avefunction for an  atom  a t r n
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2.3.3. Kronig-Penney model
T his is p e rh a p s  th e  s im p le s t m odel of th e  th re e  m o d e ls  a n d  is th e  o n e  w hich will b e  
u s e d  to  c a lc u la te  th e  p ro p e r tie s  of th e  e n e rg y  b a n d s  for c o u p le d  well s tru c tu re s  
d is c u s s e d  in C h a p te r  5.
T h e  p e rio d ic  p o ten tia l is ap p ro x im a ted  by p e rio d ic  s q u a re  w ells . T h e  S c h ro d in g e r  
eq u a tio n  for th is po ten tia l d istribution  c a n  b e  so lv ed  easily , a n d  th e  re su lts  sh o w  th a t 
th e  d isc re te  a tom ic  en e rg y  levels b ro a d e n  into b a n d s  in so lids.
For th e  s q u a re  well a rray  in F igure  2 .3 .2  th e  w av e  eq u a tio n  is
I 2 12|p
2 s r t + u « ' I ' = e>i' 2 .5
U(x) potential energy
6 energy eigenvalue
T o ob tain  a  co m p le te  solution  th e  w avefunction  m ust b e  c a lcu la ted  within a n d  ou ts id e  
th e  w ell.
U (x )
( a  + b )  - b ( a + b )a0
Figure 2.3.2 P eriod ic  po ten tia l ap p ro x im ated  by period ic  s q u a re  
w ells for th e  K ro n ig -P en n ey  m odel
In th e  reg io n  0 < x < a  w h e re  11=0, th e  e ig e n v a lu e  is a  lin e a r  c o m b in a tio n  of 
p la n e  w a v e s  travelling to th e  left a n d  th e  right g iven  by
¥  = A e ^ + B e - 001 2 .6
with e n e rg y
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2 . 7
In th e  reg io n  a  < x < a + b  ( th e  b a rrie r) th e  so lu tio n  is o f th e  form  
'P  =  C e Q" +  D e “ Ql 2 . 8
w ith
U o - e 2 .9
2 m
T h e  c o n s ta n ts  A ,B ,C ,D  a re  c h o s e n  so  th a t 'P  a n d  a r e  c o n tin u o u s  a t  x=0. 
C ontinuity  m u st a lso  ex ist a t x= a su c h  th a t
A final condition is th a t th e  v a lu e s  of ¥  a n d  a t x= a b e  e q u a l to th o s e  a t x=-b,
bu t a d v a n c e d  by th e  p h a s e  fac to r exp[ik(a+b)]. T h is is a  c o n s e q u e n c e  of th e  form of 
Bloch functions an d  th e  solution b e c o m e s  :
A exp [iKa -  ik (a + b) ] +B exp [ -  iKa -  ik(a + b)] 2 . 1 2
T his c an  b e  so lv ed  using com puta tional m e th o d s  which a re  ou tlined  in A ppendix  A.
2.4 Wavefunctions in quantum wells
2.4.1 Infinite potential well
By using  tw o sim ilar c o m p o u n d  se m ic o n d u c to rs  in a lte rn a te  lay e rs , it is p o ss ib le  to 
e n g in e e r  p o te n tia l well s y s te m s  w hich  h a v e  s p e c ia l p ro p e r t ie s  a n d  c a n  co n fin e  
c a rr ie rs  into tw o d im e n s io n s .
T he  G aA s/A IG aA s q u an tu m  well sy s tem  c a n  b e  m odelled  a s  a  's q u a re  po ten tia l'. T he 
p o ten tia l V( r ) in th e  S c h ro d in g e r  e q u a tio n  is a  function  of z  only, e le c tro n s  an d  
h o le s  be ing  free  to  m ove in th e  x a n d  y d irec tio n s. For th is sy s te m  it is n e c e s s a ry  to 
so lv e  th e  tim e-in d ep en d en t S ch ro d in g e r eq u a tio n
2 . 1 0
iKAeiKa - iK B e 'iKa = CCfe Qa + QDe-  Qa 2 . 1 1
d 'F
PnP(r) =  E ¥ ( r ) 2 . 1 3
w h e re
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2 . 1 4
V re p re se n ts  +  -^-=-
( a x  ay d z ,
(  2 2 2 \
S in ce  th e  e le c tro n s  a re  free  in th e  x a n d  y d irec tions, th e ir w av efu n c tio n s a re  p la n e  
w a v e s  in x a n d  y, th e re fo re
T his c an  b e  so lv ed  to  give th e  e ig en  e n e rg ie s  e n (eq u a tio n  2 .3 8 ), w h ere  n = 1 ,2 ,3 ......
with c o rre sp o n d in g  w av efu n c tio n s u n (z). T hen
E  d e p e n d s  on  th e  th re e  quan tu m  n u m b ers  n, k x  an d  k y ,  i.e. o n e  p e r d im ension .
2.4.2 Finite square well
S in c e  no  well is infinitely d e e p  it is n e c e s s a ry  to  a m e n d  th e  p rev io u sly  d e riv ed  
so lu tion  to include th e  e ffec ts  of finite well d e p th . In th is  c a s e  only th e  first few  en 's  
a re  d isc re te , co rre sp o n d in g  to  b o u n d  s ta te s ,  a n d  th e  h ig h er o n e s  form  a  con tinuum , 
co rresp o n d in g  to unbo u n d  s ta te s .
™  i k x x i k y y /  \¥(x , y, z) = e e y u( z) 2 . 1 5
By su b stitu tin g  2 .1 4  a n d  2 .1 5  into 2 .1 3  th e n  : 
r 12 ,
2 . 1 6
is o b ta in ed  a n d  th e  p lan e  w av es  can ce l out. By then  defining
2 . 1 7
th e  re su lt is th e  o n e -d im en sio n a l S ch ro d in g e r e q u a tio n .
_ i m d z T  +  V ^  u ( z ) = e u ( z ) 2 . 1 8





F ig u re  2.4.1 Finite quan tu m  well
A well of finite d ep th  V a n d  width a  is c o n s id e re d  a s  sh ow n  in F igure  2 .4 .1 . E is th e  
e n e rg y  of th e  s ta te  m e a s u re d  from  th e  bo ttom  of th e  well a n d  B=V-E is ca lled  th e  
b inding en e rg y  a n d  is th e  en e rg y  requ ired  to  rem ove  th e  e lec tro n  from  th e  well.
Inside th e  well, th e  solution  of th e  S ch ro d in g er eq u a tio n  g iv es
¥ ( x )  = a®“ k x  k =v J cos / 2 2 . 2 0
w hile o u ts id e  it is
'F (x )  =  P e -Kx K =
2 m ( V  -  E )
2 . 2 1
It is a s s u m e d  th a t 0 < E < V a n d  th e re fo re  th e  so lu tion  is a  b o u n d  s ta te .
A X I S  g
¥  and  - j — n e e d  to b e  m a tch ed  a t x= 
d x  2
- K -
V  - > a s in k - |= p e  2 cos 2
— » k a  008 k | = - K | 3e " K l  dx -  sin 2  K
2 . 2 2
2 . 2 3
Dividing th e s e  tw o e q u a tio n s  g iv es
cot * 1
2 . 2 4
or
-  cot /  1 
tan
2mV _
2 . 2 5
T his c a n  only b e  so lv ed  num erically  o r g raph ica lly  a n d  is sim plified by putting
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0 ~ I ka 2 . 2  6
giving
mVa2 k 2 
- C0to _  I 2 b 2
tan  2------ 2 . 2 7
Both 0  and a re  positive , 
k
T h e  following d ed u c tio n s  c a n  b e  m a d e  from this m odel of th e  finite well.
1 . T h e re  is a lw ay s a t le a s t o n e  so lu tion , with 0 < 0  < \  th u s  a  o n e  d im ensional 
s q u a re  well a lw ays h a s  a t le a s t o n e  b o und  s ta te .
2 . T h e re  a re  N so lu tions if
mVa2/ x t  1 \  J t  ^  /  l i i v a  x t JI
( N  -  l ) y  < J  2 ^ 2  <  N T  2 . 2 8
3 .  T h e  e n e rg y  of a  p articu lar level ( n ) r ise s  a s  V in c re a s e s . W hen  V te n d s  to
<*>, 0  te n d s  to  (n+1 ) y  and
2 2 2 2 9
n 2m 2 0 2 . 2 9m a 2m a
4 .  W hen  V is very  sm all, only 0 O ex is ts  an d  it is sm all too . Only th e  t a n 0
so lu tion  is re lev an t w hich c o rre sp o n d s  to th e  c o s in e  w avefunction . For sm a ll 
a n g le s  t a n 0 = 0  th e re fo re
,  2 
mVa -  9
0 2 2 . 3 0
4 . n 2 mVa 
2h :
e  + e ^ _ j i i - L _ = o 2 _31
4 {  n iV fl 2 'N
Dropping 0 gives 0 j  2 . 3  2
2 2
2b  m a x, x/
£ l = — — V=V 2 . 3 3
ma 2h
W hich im plies B-|=V-ei i.e. no  binding, so  w e n e e d  to  k e e p  th e  04 term .
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1 +  2 m ¥ a i _
2 . 3 4
2 9
m V  a 2
2
2
2 . 3 5
2 . 3 6
T h is  sh o w s  th e  s m a lln e s s  of th e  b ind ing  e n e rg y  in sh a llo w  p o ten tia l w ells . T h e  
w avefunc tion  tu n n e ls  a  long w ay into th e  confining reg ion .
For th e  ca lcu la tion  of th e  en e rg y  lev e ls  of iso la ted  finite w ells a  c o m p u te r p rog ram  
w a s  u se d . T h e  p ro g ram  ca lled  XTON w a s  w ritten by Bindi B hum bra , form erly of this 
D ep a rtm en t, a n d  is d e sc r ib e d  in deta il in h is th e s is  [ B hum bra  1990  ].
2.5 Bandgap in semiconductors
In a  s e m ic o n d u c to r  th e  b o n d s  b e tw e e n  n e ig h b o u rin g  a to m s  a re  only m o d e ra te ly  
s tro n g  a llow ing  th e rm a l v ib ra tio n s  to  b re a k  s o m e  of th e m , re su ltin g  in a  free  
e lec tro n  an d  hole. D ue to  th e  n a tu re  of th e  b a n d g a p  in a  sem ico n d u c to r it is p o ss ib le  
for th e s e  free  e le c tro n s  to  b e  ex c ited  to  th e  co n d u ctio n  b a n d , leav ing  a  ho le  in the  
v a le n c e  b an d . T he width of this b a n d g a p  v a rie s  with th e  te m p e ra tu re  a n d  for G aA s can  
b e  c a lc u la te d  from  th e  em pirical relation  [ S z e  1985 ]
G aA s is a  d irec t sem ico n d u c to r, b e c a u s e  a  transition  from  th e  v a le n c e  b a n d  to the  
cond u c tio n  b a n d  d o e s  not requ ire  a  c h a n g e  in th e  c ry sta l m o m en tu m  a s  F igure 2.5.1 
d e m o n s tra te s .  It is th is  p ro p e rty  w hich for in te g ra te d  o p to e le c tro n ic s  g iv e s  G aA s 
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Figure 2.5.1 E nergy  b a n d  s tru c tu re  of G aA s
If an  e lec tro n  falls from th e  conduction  b a n d  to th e  v a le n c e  b a n d  th e  su rp lu s  en e rg y  
c a n  b e  em itted  in th e  form  of a  pho ton  lead ing  to th e  m ateria l beco m in g  a  light so u rce . 
To d o  th is , th e  e le c tro n  tran s itio n  p ro d u c in g  th e  p h o to n  m u s t c o n s e rv e  no t only 
en e rg y  bu t a lso  m o m en tu m . In p rac tice  th is  m e a n s  th a t ind irect se m ic o n d u c to rs  a re  
no t e x p e c te d  to b e  goo d  light em itte rs . G aA s on th e  o th e r h an d  is not only an  efficient 
light em itting d io d e  but h a s  a lso  p ro v ed  to b e  an  im portan t m ateria l for la se rs . It a lso  
g iv e s  rise  to  a  high ab so rp tio n  co e ffic ien t ju s t  a b o v e  th e  b a n d g a p  unlike ind irect 
m a te ria ls  su c h  a s  silicon.
T h e  m ain  d isc u ss io n  of th e  G aA s/A IG aA s sy s te m  will no t b e  c o n c e rn e d  with th e  
em itting  p ro p e r tie s  of th e s e  m a te ria ls  bu t ra th e r  with th e  ab so rp tio n  p ro p e rtie s . To 
e m p h a s iz e  w hy a lte rn a te  layers of th e s e  two m ate ria ls  a re  c h o se n  ra th e r  th an  th a t of 
a  thick layer of ju s t o n e  of th e  sem ico n d u c to rs  it is n e c e s s a ry  to  look a t th e  den sity  of 
s ta te s  for both  3D an d  2D sy s te m s .
T h e  d en sity  of s ta te s  for a  2 D sy s tem  is show n in F igure 2 .5 .2 . T he den sity  of s ta te s  
function is a  s e r ie s  of s te p s  which o ccu r a t th e  e n e rg ie s  en d u e  to co n fin em en t in the  
w ell. T his m e a n s  th a t if V( z ) w ere  an  infinitely high sq u a re  well of w idth a , th en
2 . 3 8e n 2 mL a  .
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T h e  th re e  d im en sio n a l d en sity  of s ta te s ,  a lso  show n  in F igure  2 .5 .2 , is a p p ro a c h e d  
for la rg e  w ell w id th s. In th is  ap p ro x im atio n  th e  e n ’s  a re  c lo s e  to g e th e r  a n d  th e  
d en s ity  of s ta te s  m e rg e s  into a  p a ra b o la  c o rre sp o n d in g  to  a  3D sy s te m  a s  th e  s te p s  
b e c o m e  c lo se  to g e th e r. O n th e  o th e r h an d , if th e  well w idth is sm all th e  e n e rg ie s  e n 












Figure 2.5.2 2D an d  3D density  of s ta te s  functions
T h e  a b o v e  e q u a tio n s  h a v e  b e e n  d e riv ed  on  th e  a s su m p tio n  th a t th e  m a s s  of th e  
e le c tro n  is th e  s a m e  ev e ry w h e re , bu t in reality  it is slightly  d ifferen t in G aA s a n d  
AIGaAs. In such  c a s e s  o n e  should  m atch
1 d ¥  
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ra th e r  th an  th e  deriva tive  itself, th u s  en su rin g  th a t th e  c u rre n t is c o n se rv e d .
T h e  ab so rp tio n  sp ec tru m  follow s th e  form  of th e  d en sity  of s ta te s ,  a n d  in q u an tu m  
well s y s te m s  th e  a b so rp tio n  sp e c tru m  is th e re fo re  a  s e r ie s  of s te p s .  T his is an  
im p o rtan t p ro p e rty  of th e  w ells  w hich c a n  b e  u tilised  effec tively  in a  m o d u la to r 
d ev ice . If a  dev ice  is o p e ra te d  a t an  en e rg y  ju s t below  E1, F igure 2 .5 .2 , a n d  a  c h a n g e  
th e  position  of th e  en e rg y  lev e ls  sh ifts  th e  ab so rp tio n  e d g e  to th is  point, th en  th e re  
will b e  an  acco m p an y in g  large  c h a n g e  in ab so rp tio n . T his c h a n g e  is m uch larger than  
th a t of th e  th re e  d im en sio n a l sy s te m , a n d  c a n  b e  u s e d  to in tensity  m o d u la te  light 
in c iden t on  th e  m a te ria l. It is p ro p o se d  to m ove th e  e n e rg y  lev e ls  by apply ing  an
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e lec tr ic  field to  it. T h e  e ffec t of do ing  th is  is d iffe ren t for bulk a n d  q u an tu m  well 
s y s te m s . T h e  fo rm er is d e sc r ib e d  by th e  F ranz-K eldysh  e ffec t an d  th e  la tte r by th e  
Q u an tu m  C onfined  S ta rk  Effect both of w hich a re  ou tlined  below .
A b so rp tio n  c a n  b e  d o m in a te d  by th e  e f fe c ts  o f e x c ito n s  a t room  te m p e ra tu re . 
E xcitons a re  e sse n tia lly  e le c tro n s  an d  h o le s  b o u n d  to g e th e r  by C ou lom b  a ttrac tio n . 
S u ch  a  partic le  sy s te m  c a n  m ove th rough a  crystal b eh av in g  a s  a  s ing le  partic le  until 
a c te d  upon by a n  ex te rn a l fo rce  e .g . an  e lectric  field.
2.6 Optical absorption
A s light is inc iden t on  a  sem ico n d u c to r p h o to n s  a re  a b so rb e d  lead ing  to th e  c rea tion  
of e lec tro n  hole  p a irs  if th e  pho ton  en e rg y  is eq u a l to o r g re a te r  th an  th e  b a n d g a p . If 
th e  pho ton  e n e rg y  is le s s  than  the  b a n d g a p  en erg y  th en  abso rp tion  c a n  only ta k e  p lace  
if th e re  a re  av a ilab le  e n e rg y  s ta te s  in th e  fo rb idden  b a n d  g a p , e ith e r a rising  from 
c h e m ic a l im purities o r  p h y sica l d e fe c ts . A n o th e r m e th o d  of inducing  s ta te s  in th e  
forb idden  g a p  is to apply  an  e lec tric  field to th e  sem ico n d u c to r.
2.6.1 Electroabsorption in bulk semiconductors:The Franz- Keldysh 
effect
T h e  e le c tro a b so rp tio n  effec t in bulk m ateria l is know n a s  th e  F ranz-K eldysh  (F-K) 
e ffe c t. T h is  e ffec t is an  e le c tr ic  field in d u c e d  c h a n g e  of th e  co m p le x  d ie lec tr ic  
c o n s ta n t of a  d irec t b a n d g a p  sem ico n d u cto r, occurring  a t op tical e n e rg ie s  c lo se  to the  
b a n d g a p  e n e r g y .  T h e  F-K e f fe c t  h a s  tw o p a r t s -  e le c t r o a b s o r p t io n  a n d  
e lec tro re frac tio n - w hich a re  re sp ec tiv e ly  c h a n g e s  of th e  ab so rp tio n  co effic ien t an d  
re frac tive  index  d u e  to  an  a p p lied  e lec tric  field. [V a n  Eck 1 9 8 6 ]
B roaden ing  of th e  ab so rp tio n  e d g e  ta k e s  p lace  on  th e  application  of an  e lec tric  field 
p e rp e n d ic u la r  o r p ara lle l to  th e  la y e rs  of a  bulk se m ic o n d u c to r. T h is  b ro a d e n in g  is 
d u e  to th e  reduction  of th e  period ic  po ten tia l sym m etry  of th e  lattice an d  p ro d u c e s  an  
in c re a s e  in th e  a b so rp tio n  co effic ien t a t e n e rg ie s  ju s t b e lo w  th e  b a n d g a p  a n d  a  
reduction  a t e n e rg ie s  ju st a b o v e  th e  b an d g ap .
C o n sid e r, a s  in F igure 2 .6 .1 , an  e lec tro n  exc ited  into a  virtual s ta te  by a  q u an tu m  of 
insuffic ien t e n e rg y , q , to  ta k e  it into th e  co n d u c tio n  b a n d . S in c e  it d o e s  no t h av e
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e n o u g h  en e rg y  to e n te r  th e  conduction  b a n d  it re tu rn s  to th e  v a le n c e  b an d . U nder an  
ap p lied  e lec tric  field, F igure 2 .6 .1 .b, it r e a c h e s  th e  s a m e  level a s  b e fo re  bu t it m ay 
now  p a s s  into th e  conduction  b an d . T his is o ften  d e sc r ib e d  a s  a  tunnelling  p ro c e s s  but 
a  m ore  a c c u ra te  descrip tion  is th a t th e  e ffec t of th e  field is to  b ro a d e n  th e  b a n d s  th u s  
reduc ing  th e  b a n d g a p , a n d  s o  le s s  en e rg y  is req u ired  to ex c ite  th e  e lec tro n  into the  
conduction  b an d .
No e l e c t r i c  f i e l d  _ E l e c t r i c  f i e l d
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F ig u re  2.6.1 Effect of an  electric field on  th e  b an d  e d g e s  of a  sem ico n d u cto r
T his le a d s  to an  in c re a s e  in th e  ab so rp tio n  a t low er e n e rg ie s . A sso c ia te d  with th is 
th e re  is a lso  a  b ro ad en in g  of th e  exciton  fea tu re , d u e  to  field ion isation  w hich re su lts  
in re d u c e d  exciton ic  ab so rp tio n .
2 .6 . 2  Q u a n tu m  C o n f in e d  S t a r k  E f f e c t  ( Q C S E )
E le c tro a b so rp tio n  e ffe c ts  in q u a n tu m  well s y s te m s  a re  su b s ta n tia lly  d iffe ren t to 
th o s e  o b se rv e d  in bulk m a te ria ls . D ue to th e  co n fin em en t of e le c tro n s  a n d  h o le s  in 
p o ten tia l w ells b e h a v io u r add itional to  th a t of th e  b a n d  e d g e  tilting, is e n c o u n te re d . 
T h u s, no t only is th e re  a  c h a n g e  in th e  abso rp tio n  a b o v e  a n d  below  th e  b a n d g a p , but 
a lso  th e  exciton  p e a k s  rem ain  well re so lv ed  up  to  high fie lds a s  o p p o se d  to th e  large  
a m o u n t of b ro ad en in g  e n c o u n te re d  in th e  bulk F ranz-K eldysh  effec t. T h e  Q C S E  is of 
particu la r in te re s t from a  d ev ice  point of view  b e c a u s e  it is p o ss ib le  to  ob ta in  a  very  
la rg e  c h a n g e  in th e  a b so rp tio n  co effic ien t a t room  te m p e ra tu re .( ty p ic a lly  ~ 1 1 0 0 0  
c m -1 w h e re a s  in bulk th e  c h a n g e  is ~ 2 8 0  c m '1)
T h e  p e rs is te n c e  of th e  exciton p e a k  c an  b e  ex p la in ed  by co n sid e rin g  th a t th e  field 
ion isation  of th e  exciton  is inhibited by th e  w alls of th e  q u an tu m  well. T h e  e le c tro n s
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a n d  h o le s  a re  pulled  to o p p o site  w alls of th e  q u an tu m  well by th e  field bu t they  do  not 
tu n n e l rapidly  th ro u g h  th e  w alls. T h e  la rg e  shift in th e  p e a k s  o c c u rs  b e c a u s e  th e  
partic le  is no t d e s tro y e d  by th e  field, a n d  h e n c e  very  large fields ca n  b e  o b ta in ed .
T h e  b eh a v io u r of q u an tu m  well s y s te m s  is a lso  d ifferen t d e p e n d in g  on w h e th e r the  
e lec tr ic  field is a p p lied  p a ra lle l of p e rp e n d ic u la r  to  th e  la y e rs , th e  b e h a v io u r  with 
th e  field p e rp e n d ic u la r  b e in g  c a lle d  th e  Q C S E .[ Miller 198 4  ] U n d er th e  in flu en ce  
o f a n  e le c tr ic  field  a p p lie d  p a ra lle l to  th e  q u a n tu m  well la y e rs  th e  e ffe c t is 
ap p ro x im ate ly  th e  s a m e  a s  th a t of th e  bulk F ran z-K eld y sh  e ffec t s in c e  th e  e lec tric  
field  a n d  th e  c o n fin e m e n t of th e  e le c tro n s  a n d  h o le s  d o  no t o c c u r  in th e  s a m e  
d ire c tio n .
It is th e  b e h a v io u r  of th e  q u a n tu m  well s y s te m  u n d e r  th e  in flu e n c e  of th e  
p e rp e n d ic u la r  e lec tric  field w hich is of in te re s t to th is  w ork. C o n s id e r  F igu re  2 .6 .2  
w hich  sh o w s  th e  b e h a v io u r of a  q u a n tu m  well sy s te m  u n d e r  th e  ap p lica tio n  of an  
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F ig u re  2 .6 .2  T he effect of an  electric field on  a  quan tum  well sy stem
T he en e rg y  of th e  low est transition  is re d u c e d  by th e  field, a n d  th e  e lec tro n  a n d  hole 
in th e s e  s t a t e s  a re  p u lled  to  o p p o s ite  s id e s  of th e  w ell. T h e  e n e rg y  sh ift is 
ap p ro x im ate ly  q u a d ra tic  a t low fie lds bu t a t h ig h er fie lds th e re  is a  sm all dev ia tion
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from  th e  q u a d ra tic  b e h a v io u r b e c a u s e  th e  kinetic e n e rg ie s  of th e  e lec tro n  an d  hole 
a re  in c re a se d  a s  they  a re  s q u e e z e d  to w ards th e  w alls of th e  w ells.
A s th e  e lec tro n  a n d  hole  a re  pulled  ap a rt, th e  o v erlap  in tegral b e tw e e n  e lec tron  an d  
h o le  w av e fu n c tio n s  d e c r e a s e s ,  red u c in g  th e  s te p  h e ig h t for th is tran sitio n . T h e  shift 
o f th e  h eav y  ho le  s ta te s  is la rg e r th an  th a t of th e  e le c tro n s  b e c a u s e  p a rtic le s  with 
la rg e r m a s s  a re  m o re  easily  p e rtu rb e d  b e c a u s e  of the ir low er co n fin e m e n ts  e n e rg ie s  
[ C h e m la  1985  ]. It h a s  b e e n  show n  analy tically  [ Miller 1984  ] th a t in th e  limit of 
th e  well th ic k n e s s  b eco m in g  infinite th a t th is  m odel b e c o m e s  form ally iden tical with 
th e  F ra n z -K e ld y sh  e ffec t, co rrec tly  p red ic tin g  bulk b e h a v io u r  n e g le c tin g  ex c iton  
e ffec ts . For ex am p le  w ells of 30 0  A a n d  w ider b e h a v e  essen tia lly  a s  bulk m ateria l.
A s d is c u s s e d  p rev iously , th e  ex c ito n s  in q u a n tu m  well m a te ria l b e h a v e  differently  
d e p e n d in g  on  w h e th e r  th e  e lec tric  field is ap p lied  p e rp en d icu la rly  o r para lle l to th e  
w ells . F rom  e x p e rim e n ta l w ork [ Miller 1 9 8 6 , W h ite h e a d  1 9 8 8  ] it is know n th a t 
th e  e x c ito n s  d o  no t b ro a d e n  strong ly  with a  p e rp e n d ic u la r  field, a n d  th e  p e a k s  shift 
su b stan tia lly , a s  o p p o s e d  to th e  in -p lan e  b e h a v io u r of th e  q u a n tu m  well a n d  bulk 
s y s te m s  w hich sh o w  m uch b ro ad en in g  a n d  little shift. T h e  shift in th e  p e rp e n d ic u la r  
c a s e  c a n  b e  m any  tim e s  th e  b inding  e n e rg y  of th e  exciton  w h e re a s  it is a lm o s t 
neglig ib le in th e  bulk c a s e .
T o u n d e rs ta n d  fully th e  Q C S E  it is n e c e s s a ry  to  exp la in  th e  p e rs is te n c e  of th e  
ex c iton  p e a k s  to  h igh e lec tric  field. T h e  re a s o n  for th is  is th e  p re v e n tio n  of field 
ion isa tion  of th e  exciton  by th e  w alls of th e  well. As th e  field is ap p lied  th e  e lec tron  
a n d  ho le  a re  p u lled  to  o p p o s ite  s id e s  of th e  well, bu t re s tra in e d  from  go ing  an y  
fu rth e r. T h u s  w hile th e  ex c ito n  is no t s e p a r a te d  by th e  field, it is very  stro n g ly  
p o la r is e d  w ith th e  e le c tro n  a n d  h o le  o rb its  b e in g  partly  s e p a r a te d ,  with s e v e ra l 
c o m p le te  c la s s ic a l o rb its  o ccu rrin g  b e fo re  th e  exciton  is d e s tro y e d . It is req u ired  
th a t th e  tu n n e lin g  tim e is sign ifican tly  lo n g e r th a n  th e  lifetim e of th e  exciton  from 
o th e r  c a u s e s ,  for q u a n tu m  w ells  to exh ib it th e  Q C S E . It c a n  a lso  b e  d e d u c e d , 
th e re fo re , th a t if th e  well is m a d e  m uch la rg e r th an  th e  bulk exciton  d ia m e te r  th en  
th e  exciton  c a n  b e  field ion ised  by pulling th e  e lec tro n  a n d  ho le  to o p p o s ite  s id e s  of 
th e  well, an d  so  it is n e c e s s a ry  to u se  thin w ells.
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O n th e  application  of an  elec tric  field the  exciton  b e c o m e s  larger: th is is b e c a u s e  the  
C o u lo m b  a ttrac tio n  is w e a k e r  w h en  th e  e lec tro n  a n d  ho le  a re  pu lled  a p a r t  by th e  
field. T h e re  is a  sign ifican t d e c r e a s e  in th e  m ag n itu d e  of th e  binding e n e rg y  a s  the  
field is ap p lie d , resu ltin g  in an  o p p o s in g  shift to  th a t of th e  s in g le  partic le  s ta te s .  
T h is  a b s o lu te  m a g n itu d e  of th e  e n e rg y  shift from  th e  b ind ing  e n e rg y  is no t very  
s ign ifican t c o m p a re d  with th e  shift of th e  s in g le -p a rtic le  s ta te s ,  bu t th e  in c re a s e  in 
s iz e  c a n  re su lt in a  s ign ifican t c h a n g e  in th e  e le c tro n -h o le  o v e rla p , red u c in g  th e  
a b s o rp tio n  s t r e n g th  of th e  ex c ito n  line . [ S c h m itt-R in k  1 9 8 9  ] T o c o m p le te ly  
p red ic t th e  b eh a v io u r of th e  ab so rp tio n  sp e c tru m  u n d e r an  ap p lied  e lec tric  field it is 
n e c e s s a ry  to  include th e  shift resu lting  from th e  c h a n g e  in binding e n e rg ie s , h o w ev er 
th e  sim ple m odel w hich is p re se n te d  in th e  nex t sec tio n  n e g le c ts  th is, only describ ing  
th e  d o m in an t shift d u e  to th e  shift in e n e rg y  levels. It c a n  th e re fo re  b e  d e sc r ib e d  a s  
th e  Q u a n tu m  C o n fin ed  F ran z -K e ld y sh  (Q C FK ) e ffe c t c o rre sp o n d in g  to th e  bulk 
c o u n te r p a r t .
S e v e ra l th eo re tica l m o d e ls  h a v e  b e e n  in v e s tig a te d  to  p red ic t th e  b e h a v io u r of th e  
b o th  bulk  a n d  m ultiple q u an tu m  well s y s te m s  u n d e r  th e  ap p lica tio n  of a n  e lec tric  
field . An e x c e lle n t rev iew  of th e s e  is g iven  by S chm itt-R ink  [ 1 9 8 9 ]  w h e re  bo th  
the QCFK and  Q C SE are  described.
2.6.3. Theoretical modelling of the QCSE
F igure  2 .6 . 2  illu s tra te s  th e  effec t of apply ing  a  uniform  e lec tric  field to a  q u an tu m  
well. A s show n  th e  w avefunction  is d is to rted  with th e  a v e ra g e  position  of th e  e lec tron  
sh ifted  aw ay  from  z e ro , w h e re  z e ro  is th e  c e n tre  of th e  well, a n d  th e re fo re  a  d ipo le  
m o m e n t is g e n e ra te d . For a  sm all e lec tr ic  field it is e x p e c te d  th a t th e  a v e ra g e  
d is p la c e m e n t a n d  th e  d ip o le  m o m e n t a re  p ro p o rtio n a l to  th e  e le c tr ic  field . T his 
p ro b lem  c a n  b e  so lv ed  ex ac tly  in te rm s  of Airy fu n c tio n s , b u t re q u ire s  e x te n s iv e  
com puting . A m ore g e n e ra l tech n iq u e  is to a s s u m e  th a t th e  po ten tia l is sm all a n d  then  
u se  p e rtu rba tion  theory . T he m ethod  ou tlined  below  w a s  derived  by Dr Jo h n  D avies of 
th is  D ep a rtm en t.
C o n s id e r  a n  infinitely d e e p  well of w idth a , with th e  origin a t  th e  c e n tre  of th e  
well. T h e  e ig en fu n c tio n s an d  e ig e n v a lu e s  a re
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u n = ( a )  « < (n)Jr ) n c d :l
1
= [ | J  s i n ( ( n ) ^ )  n even  2 . 4  0
T h e  e ig e n s ta te s  * u n (x) a re  ev en  in x for n odd  a n d  co n seq u en tly  odd  for n ev en .
By apply ing  a n  e lec tric  field, a  p e rtu rb a tio n  V(x) = eF x  o c c u rs , a  function w hich is 
o d d  in x. By co n sid erin g  th e  m atrix e le m e n ts
V m n  = J dx u*m(x) [eFx] un(x)
2 . 4 1
th en  Vm n will v an ish  u n le ss  m is ev en  an d  n odd , o r m od d  an d  n e v e n . In particu lar 
V nn= 0
T h ere  a re  no first o rd e r c h a n g e  in th e  e n e rg ie s . To th e  se c o n d  o rd e r
i i2
—  I kn|
A E n = 2
k
£ n - e k 2 . 4 2
C o n s id e r  th e  g ro u n d  s ta te  n = 1 . T h e  su m  n e e d  only b e  o v e r  e v e n  k, th e re fo re  let 
k=2 k h e n c e
2
OO IV 
AF V  I * ' 1
1 ^  e 2k “ £ l 2 . 4 3
k = 1
A low er b o u n d  on th e  shift of th e  en e rg y  c an  b e  ca lcu la ted  by taking k=1 th en
2
(-AE0 V2 !£ 2 - El  2 ' 4 4
V2 i = t  Jdx s in (^ -)eF x co s(-f-)
2 . 4 5a
2
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( - a e i
243tc
2 . 4 8
w hich c a n  b e  rew ritten  a s
2
( - A E t) >  256 (eFa)
243n4 2 4 9
2m 2 
a
T h u s  a  'ru le of thum b ' to e s tim a te  th e  effect is
l ( e n e rg y  d ro p  a c ro s s  w ell) 
v 1/ ~ 100 (e n e rg y  of g ro u n d  s t a t e )
A m inim um  shift c a n  now  b e  ca lc u la ted  for d ifferen t m a g n itu d e s  of e lec tric  field an d  
well w idths a s  show n  on  T ab le  2 .6 .1 . An u p p e r b o u n d  ca n  a lso  b e  ca lcu la ted , bu t this 
is u n n e c e s s a ry  a s  th e  tw o b o u n d a r ie s  a re  very  c lo se  to g e th e r . It is c le a r  from  th e  
c a lc u la te d  re su lts , T ab le  2 .6 .1 , th a t w ider w ells p ro v id e  m uch  la rg e r sh ifts  of th e  
e n e rg y  le v e ls  fo r e q u iv a le n t  e le c tr ic  f ie ld s . T h e  im p o r ta n t a s p e c t  o f th e  
e le c tro a b s o rp tio n  e ffe c t, from  th e  p o in t o f v iew  of th is  w ork  h o w e v e r  is th e  
p e r s is te n c e  of th e  exciton  fe a tu re  ra th e r  th an  th e  m ag n itu d e  of th e  shift. It is th is  
p e r s i s te n c e  th a t  p ro v id e s  th e  m ax im um  c h a n g e  in th e  a b s o rp tio n  c o e ffic ien t, 
th e re fo re  re la tively  narrow  w ells w e re  u s e d  ( 5 0  A ).
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Well width ( A ) — > 
Electric field (V/cm)
I
5 0 6 2 8 0 1 0 0 1 5 0
2 .5  x 104 0 .2 2 4 0 .5 3 1 .4 7 3 .5 9 1 8 .2 5
5 .0  x 104 0 .8 9 7 2 .1 2 5 .8 8 1 4 .3 7 2 .7
7 .5  x 104 2 .1 4 .7 7 1 3 .2 3 2 .3 1 6 4
1 .0  x 105 3 .5 9 8 .5 2 3 .5 5 7 .4 2 9 0
1 .2 5  x 105 5 .6 1 1 3 .2 3 6 .7 8 9 .7 4 5 4
1 .5  x 1 0 5 8 .0 8 1 9 .1 5 2 .9 1 2 9 6 5 4
T a b le  2.6.1 C alcu la ted  v a lu es  of en e rg y  level shift ( m e V ) ( a fte r D avies)
2.7 p-n ju n c tio n
A s will b e  ou tlined  in C h a p te r  3  th e  app lication  of th e  e lec tric  field to  th e  m odu la to r 
is p e rfo rm ed  by form ing th e  lay e rs  into a  p -i-n  d io d e . T h e  o p e ra tio n  of th is  d io d e  
c a n  b e  u n d e rs to o d  by considering  th e  ph y sics  of a  p-n  junction .
A p -n  junc tion  c o n s is ts  of an  ab ru p t tran sitio n  from  a  d o n o r-d o p e d  n -ty p e  reg ion  
of a  sem ico n d u c to r, w h ere  th e  ca rr ie rs  a re  p red o m in a te ly  e le c tro n s , to an  acc e p to r-  
d o p e d  p - ty p e  reg ion , w h e re  th e  c a rr ie rs  a re  h o le s . S u c h  ju n c tio n s  rectify, th a t is 
th ey  allow  c u rre n t to flow easily  in o n e  d irection  only.
T h e re  e x is ts  on  e ith e r  s id e  of th is junction  a  d ep le tio n  reg ion  w hich is d ev o id  of 
m obile  c a r r ie r s , b u t c o n ta in s  fixed d o p a n t io n s. O n th e  p - s id e  th e s e  io n s  a re  
nega tive ly  c h a rg e d  a c c e p to rs  an d  on  th e  n -s id e  th ey  a re  positively  c h a rg e d  d o n o rs . 
U n d e r th e rm a l eq u ilib rium , with no e x te rn a l a p p lie d  b ia s , th e s e  fixed  c h a r g e s  
g e n e ra te  a  po ten tia l b a rr ie r  w hich ex ac tly  o p p o s e s  th e  d iffusion c u rre n t u n d e r  th e  
c o n c e n tra tio n  g ra d ie n t  a c r o s s  th e  d e p le tio n  reg io n , so  giv ing r ise  to a  built-in 
p o te n tia l .
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2.7.1 p -/-n  diode
p - i-n  a r e  o ften  u s e d  in a p p lic a tio n s  w h e re  a  c o n s ta n t  e le c tr ic  field is req u ired . 
T h e s e  d io d e s  c o n s is t  of a n  in trinsic high resistiv ity  layer sa n d w ic h e d  b e tw e e n  th e  p  
a n d  n re g io n s . T h e  po ten tia l d ro p  o c c u rs  m ostly  a c ro s s  th is  / reg ion  w hich c a n  b e  
ta ilo red  to  e n s u re  th a t m o s t of th e  in c id en t p h o to n s  a re  a b s o rb e d  within it. T h is 
configuration  h a s  th e  effect of in creasin g  th e  junction  width a n d  h e n c e  d e c re a s in g  th e  
junction  c a p a c ita n c e . T he low er th e  c a p a c ita n c e  of th e  junction  th e n  th e  g re a te r  the  
s p e e d  of o p e ra tio n  of th e  dev ice , a s  th is  is d e p e n d e n t on th e  RC tim e c o n s ta n t. T he 
w ider th e  dep le tion  region th e  le s s  c h a n c e  of Z e n e r b reakdow n of th e  d iode . T he Z en e r 
e ffec t o c c u rs  d u e  to  q u an tu m  m e ch an ica l tunneling  b e tw e e n  th e  v a le n c e  b a n d  a n d  
u n o ccu p ied  conduction  b an d  s ta te s  th rough an  ex trem ely  thin dep le tion  region.
2.7.2 l-V Characteristics
To a s s e s s  th e  l-V c h a ra c te r is tic s  of a  p-i-n  d io d e  an  ex te rn a l b ia s  is ap p lied  to the  
d io d e . T he  u n d e p le te d  sem ico n d u c to r is of very  low re s is ta n c e  in c o m p ariso n  to the  
d e p le tio n  reg ion  a n d  th e re fo re  n ea rly  all th e  ap p lied  v o lta g e  a p p e a r s  a c ro s s  th is 
d ep le tio n  reg ion .
U n d er forw ard  b ia s  th e  po ten tia l b a rr ie r  is low ered  th u s  in c rea s in g  th e  n u m b er of 
m ajority c a rr ie rs  w hich c a n  flood a c ro s s  th e  dep le tio n  reg ion , h e n c e  la rg e  c u rre n ts  
c a n  flow. T h e  m a g n itu d e  of th e  c u rre n t flow d e p e n d s  on  th e  n u m b e r of c a r r ie rs  
having  su ffic ien t e n e rg y  to su rm o u n t th e  b a rrie r heigh t. S in c e  th e  c a rr ie r  e n e rg y  is 
d is tr ib u te d  ap p ro x im a te ly  a c c o rd in g  to  B o ltzm an n  s ta t is t ic s ,  th e  c u r re n t sh o u ld  
in c re a s e  ex p o n en tia lly  with in c rea s in g  forw ard b ia s .
F or th e  c a s e  of re v e rs e  ap p lied  v o ltag e  th e  po ten tia l b a rrie r  h e ig h t is in c re a s e d  
th u s  s u p p re s s in g  e v e n  fu rth e r th e  d iffusion of h igh e n e rg y  m ajority  c a rr ie rs . T h e  
re s id u a l c u rre n t in th is  in s ta n c e  c o n s is ts  of m inority  c a r r ie rs  drifting a c r o s s  th e  
dep le tio n  reg ion .
To d e te rm in e  th e  re v e rs e  b reak d o w n  v o lta g e  of th e  d io d e s , it w a s  n e c e s s a ry  to 
c o n ta c t  th e  m a te ria l v ia  m e ta l c o n ta c ts . T h e  d e v ic e  w a s  th e n  a n a ly s e d  u sin g  a  
H ew le tt-P ack a rd  sp e c tru m  se m ic o n d u c to r p ro b e  s ta tio n . T h is p ro c e s s  is ou tlin ed  in 
C h a p te r  3.
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B a s e d  o n  th e  th eo ry  p re s e n te d  h e re , a  s in g le  e le c tro a b so rp tio n  m o d u la to r w orking 
o n  th e  p rin c ip le  o f th e  Q C S E  w a s  fa b r ic a te d  from  a  m u ltip le  q u a n tu m  well 
G aA s/A IG aA s m a te ria l s y s te m . C h a p te r  3  o u tlin e s  th is  fa b ric a tio n  p r o c e s s  a n d  
d is c u s s e s  th e  re su lts  o b ta in e d  from  th e  m odulato r.
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C h a p t e r  T h r e e  
S i n g l e  E l e c t r o a b s o r p t i o n  M o d u l a t o r
Introduction
It was shown in Chapter 1 that electroabsorption modulators can be fabricated from 
different material systems and employ various modes of operation. The specific 
material system, GaAs/AIGaAs, and chosen mode of operation with the direction of 
propagation of light and electric field perpendicular to the growth direction, were 
discussed in Chapter 2. In this chapter the design, fabrication and performance of the 
modulator are presented. From the design of the epitaxial layers, the discussion 
moves on to the characterisation of the MOVPE grown crystal structure. This 
precedes an outline of the fabrication steps and the experimental set-up necessary to 
characterise the device. The latter sections of the chapter discuss the results and assess 
the merits of the modulator.
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3.1 Design of modulator
T h e  epitaxial lay e rs  of th e  m odula to r w ere  d e s ig n e d  to m e e t th e  o b jec tiv es  of a  high 
c o n tra s t  ra tio  a n d  low in se rtio n  lo s s e s .  T h e  d e v ic e  w a s  o p e ra te d  with th e  light 
p ro p a g a tio n  a n d  ap p lied  e lec tr ic  field p e rp e n d ic u la r  to th e s e  la y e rs . In o rd e r  to 
a c h ie v e  a  high c o n tra s t ratio, it w a s  e sse n tia l to  in co rp o ra te  a  la rg e  to tal th ic k n e ss  of 
G aA s in th e  in trin sic  lay e r w h e re  th e  light w a s  m o d u la te d . T h is a llow s a  long 
in teraction  length  b e tw een  th e  light an d  th e  G aA s w ells.
T h e  first of th e  s tru c tu re s  in v es tig a ted  c o n ta in e d  iso la ted  q u an tu m  w ells a s  show n  
in F igu re  3 .1 .1 . T his p -i-n  s tru c tu re  w a s  grow n by m e ta l-o rg a n ic  v a p o u r -p h a s e  
ep itaxy  a t S E R C  Facility for lll-V S e m ico n d u c to rs  a t th e  U niversity of Sheffield , on  a  
G a A s s u b s t r a t e . [ J .S .  R o b e r ts  1 9 8 8  ] T h e  s tru c tu re  a llo w e d  th e  a p p lic a tio n  of 
m o d e ra te ly  h igh e lec tr ic  fie lds (1 .3  x 1 0 5 V/cm) w ithout th e  n e e d  for high cu rren t 
o r v o lta g e  d r iv e s  (<30  V). U n d er r e v e r s e  b ia s  c o n d itio n s  only  a  sm all le a k a g e  
c u rre n t flow ed of th e  o rd e r  of n a n o a m p s .[ S z e  1985 ] In th is m o d e  of o p e ra tio n  the  
re s is ta n c e  (> 100 M£2) w a s  high an d  th e  c a p a c ita n c e  low (<1 pF)w hich  is e s se n tia l  
for high s p e e d  opera tio n . T he s p e e d  of th e  dev ice  is dom in a ted  by th e  RC tim e c o n s ta n t 
a s  d is c u s s e d  in se c tio n  3 .1 0 . To e n s u re  th a t th e  c a p a c ita n c e  w a s  low it w a s  an  
a d v a n ta g e  to h a v e  a  w ide intrinsic reg ion , h e re  th e  intrinsic reg ion  is 2 .2 4  jim  w ide. 
O n e  of th e  lim ita tions on  th e  w idth of th e  in trinsic  reg ion  is th a t of th e  p h y sica l 
g row th . It is e a s ie r  to  grow  a  g o o d  s tru c tu re  w h en  few er w ells a re  req u ired  th an  to 
m ain ta in  th e  uniform ity o v er a  la rg e  n u m b er of w ells. T h e re fo re , th e  lay er d e s ig n  in 
itse lf  w a s  of in te re s t , from  th e  v iew p o in t of s tu d y in g  th e  uniform ity of a  la rg e  
n u m b e r of w ells g row n by M O V PE. It w a s  th o u g h t th a n  any  b en efit g a in e d  from a  
th ic k e r in trin sic  reg ion  cou ld  b e  o v e rs h a d o w e d  by th e  e ffec t o f in h o m o g e n e u o s  
b ro a d e n in g  d u e  to  th e  im perfec t quality  of th e  well in te rfa c e s  a n d  th e  well to well 
s iz e  flu c tu a tio n s, inev itab le  o v e r su c h  a  la rg e  n u m b er of w ells. A dditional p ro b lem s 
a r is e  d u e  to  th e  d op ing  in th e  intrinsic reg ion  giving rise  to  a  n o n -c o n s ta n t e lec tric  
f ie ld .
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la y e rs
Figure 3.1.1 O ptical m odulator s truc tu re  layer CB 2
O n to p  of th e  d ev ice  w a s  a  2 0 0  A thick G aA s cap p in g  layer. T his w a s  grow n not only 
to p ro tec t th e  w hole d ev ice  bu t a lso  to facilitate th e  form ation of ohm ic  c o n ta c ts  to the  
A IG aA s. In its a b s e n c e  th e re  w ould  b e  a  n e e d  to em ploy  v e ry  h igh te m p e ra tu re  
a lloy ing  to form  a  low re s is ta n c e  c o n ta c t  w ith th e  A IG aA s lay e r. It w a s  a lso  
a d v a n ta g e o u s  to h av e  this layer since  G aA s oxid izes le ss  quickly th an  AIGaAs.
T h e  in trin sic  reg io n  w a s  c la d  by  tw o c o n ta c tin g  la y e rs  o f p - ty p e  a n d  n - ty p e  
Alo.3G ao .7A s to allow  a  v o ltage  to b e  applied  a c ro s s  the  intrinsic region. T h e se  AIGaAs 
reg io n s  h ad  a  la rg e  e n o u g h  b a n d g a p  to  allow  th em  to  b e  optically tra n sp a re n t a t the  
w a v e le n g th s  a t w hich light is strongly  m o d u la ted . To iso la te  th e  intrinsic region from 
any  d o p a n t d iffusion, tw o u n d o p e d  buffer lay e rs  w e re  in se r te d , e a c h  of w hich w ere  
3 5 0  A th ick .
T h e  m ultip le  q u a n tu m  w ell reg io n  ( F ig u r e  3 .1 .2 )  c o n s is te d  of 2 0 0  a l te rn a te  
lay e rs  of 50  A of AI0 3 Gao7 A s, to form  th e  b a rrie rs , a n d  50  A of G aA s, to form th e  
w ells. T he  narrow  well width allow ed th e  exciton ic fe a tu re s  of th e  ab so rp tio n  s p e c tra  
to  b e  exp lo ited . A s ex p la in ed  in C h a p te r  2 , on th e  app lica tion  of an  e lec tric  field to 
th e  q u an tu m  well s tru c tu re  th e  en e rg y  levels a re  c h a n g e d , resu lting  in a b so rp tio n  a t 
pho to n  e n e rg ie s  be low  th e  z e ro  field b a n d g a p . T his is a c c o m p a n ie d  by th e  sp a tia l 
se p a ra tio n  of th e  e lec tro n  a n d  hole, ch an g in g  th e  b inding en e rg y  of th e  exciton  an d
ohmic contact layer 200A
P AIGaAs 30%
MOWS
n  AIGaAs 30%  0.5^im




re d u c in g  th e  o sc illa to r  s tre n g th . T h e  fo rm er of th e s e  tw o e ffe c ts  is d o m in an t in 
re s p e c t  of th e  en e rg y  shift of th e  exciton p e a k s , bu t th e  la tte r h a s  a  d ram a tic  effect 
on  th e  c h a n g e  in ab so rp tio n  of th e  exciton  p e a k s . For narrow  w ells th e  Q C S E  o c c u rs  
le s s  rapidly , requiring  a  h igh drive v o ltag e  for a  u sefu l shift, b u t th e  o v e rlap  of th e  
ex c ito n  e le c tro n ic  w a v e fu n c tio n s  is m o re  ea s ily  m a in ta in e d  re su ltin g  in a  h ig h er 
a b so rp tio n  for th e  s a m e  shift a s  w ider w ells . If th e  well is too  n arrow  h o w ev e r th e  
e lec tro n  a n d  ho le  c a n  sp re a d  into th e  b a rrie rs . T h e  well w idth of 50  A w a s  op tim ised  
to  p rov ide a  usefu l shift a n d  a lso  a  high c h a n g e  in ab so rp tio n  b e tw e e n  th e  on a n d  off 
s ta te  of th e  dev ice .
M QW  REGION
G a A s 50A 
-------------------------- x  2 0 0
A IG aA s 50A
F ig u re  3 .1 .2  Multiple qu an tu m  well layers
S in c e  th e  G aA s s u b s tra te  upon  w hich th e  s tru c tu re  w a s  grow n w a s  highly ab so rb in g  
a n d  4 0 0 -5 0 0  p m  th ick , it w a s  n e c e s s a r y  to  re m o v e  it to  p erfo rm  tra n s m is s io n  
m e a su re m e n ts . T his c an  b e  carried  ou t by a  n u m b er of m e th o d s , including m ech an ica l 
p o lish in g , d ry -e tch in g  a n d  c h em ica l w e t-e tch in g .
M ech an ica l po lish ing  w a s  u n su ita b le  for th is  p u rp o se , d u e  to  th e  nonuniform ity  of 
th e  p o lish ed  su rfa c e . T h e  m ajo r d raw b ack  of th is  m eth o d  w a s  th e  inability to contro l 
th e  th ic k n e s s  of th e  rem ain ing  m ateria l a n d  s o  s to p  th e  e tch in g  p ro c e s s  b e fo re  th e  
M O V PE la y e rs  w e re  d a m a g e d . It is o ften , h o w ev er, u s e d  in co n junc tion  with w et- 
e tc h in g  a s  it is f a s te r  th a n  th e  w e t-e tc h in g  p r o c e s s .  T h e  u s e  of d ry -e tc h in g  
te c h n iq u e s  w a s  a lso  im p rac tica l for th is  p u rp o s e . A lthough  d ry -e tc h in g  c a n  b e  
c o n tro lle d  to  v e ry  a c c u r a te  d e p th s ,  th e  ra te  o f e tc h in g  is v e ry  s lo w , 0 .1  pm - 
1 p m /m in u te , a n d  s o  to  e tc h  a  s tru c tu re  4 0 0 p m -5 0 0 p m  th ick  w ould  ta k e  m an y  
h o u rs .
T h e  b e s t  so lu tion  to th is  p rob lem , a n d  th e  te c h n iq u e  u s e d  h e re , is ch em ica l w et- 
e tch in g . It w a s  n e c e s s a ry  to u s e  a  se lec tiv e  e tch  w hich w ould e tch  th e  G aA s su b s tra te
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b u t no t th e  ep itax ia l la y e rs . T h u s  an  e tc h  s to p  lay er w a s  in c lu d ed  to p ro te c t th e  
ep itax ia l la y e rs . A s bo th  th e  w ells a n d  th e  s u b s tra te  a re  m a d e  of G aA s, it w a s  
n e c e s s a r y  to  find a n  e tc h  w hich is s e n s i t iv e  to  th e  a lum in ium  c o n te n t in th e  
s tru c tu re . Two ty p e s  of e tc h a n ts  w ere  u se d , o n e  w hich w ould e tch  th e  G aA s quickly 
a n d  a n o th e r  s lo w er, m o re  s e le c tiv e  e tc h . A s a n  in su ra n c e  a g a in s t  rem ov ing  th e  
epitax ial lay e rs , th e  e tch  s to p  layer w a s  g ra d e d  from 50%  to  30%  AIGaAs. T h e  se c o n d  
of th e  ch em ica l e tc h e s  w ould only a tta c k  th e  e tch  s to p  lay er very  slow ly, while m ore 
quickly rem oving th e  rem ain ing  G aA s.
3.2 Characterisation of material
3.2.1 Photoluminescence
T h e  first m eth o d  of optically c h a rac te ris in g  th e  d ev ice  m ateria l w a s  to  m e a s u re  th e  
w av e len g th  a n d  in tensity  of radiation p ro d u ced  w hen  ex c ited  by p h o to n s  of an  en e rg y  
g re a te r  th a n  th e  b a n d g a p , i.e . p h o to lu m in e sc e n c e . T h e  e m itte d  rad ia tio n  from  th e  
c ry s ta l w a s  a t  a  low er p h o to n  e n e rg y  th an  th e  ex c ita tio n  e n e rg y , i.e . th e  em itted  
rad ia tion  h a s  a  lo n g er w av e len g th  th a n  th e  excita tion  rad ia tion . From  th e  resu lting  
p h o to lu m in e sc e n c e  sp ec tru m , th e  width of th e  exciton  p eak , th e  position  of th e  heavy  
ho le  an d  light ho le  exciton  an d  th e  p e rc e n ta g e  of alum inium  in th e  co n tac tin g  lay ers  
w e re  d e te rm in e d . T h e  well w idth c a n  b e  c a lc u la te d  from  th e  position  of th e  exciton  
peak .
T h e  sa m p le , CB 2 , w a s  exc ited  with an  inciden t p o w er of 14 .4  m W  from a  H e-N e 
la s e r  with a  sp o t s iz e  of 0 .5  m m . T h e  sp e c tru m  w a s  o b ta in e d  u sin g  a  1 m e tre  
s p e c tro m e te r  with input a n d  o u tp u t slitw id ths of 0 .0 5  m m  c o u p le d  to  a  g e rm an iu m  
d e te c to r  m o n ito red  u sin g  a  lock-in am plifier. T h e  sp e c tru m  sh o w n  in F igure  3.2.1 
w a s  re c o rd e d  a t a  te m p e ra tu re  of 9 .2  K an d  th e  ex p erim en t w a s  ca rr ie d  o u t by Jo h n  
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Figure 3.2.1. P h o to lu m in escen ce  sp ec tru m  of CB 2
A lthough a  d e ta iled  an a ly s is  of th e  p h o to lu m in escen ce  sp e c tra  is outwith th e  s c o p e  of 
this th e s is , it w a s  p o ss ib le  to  e s tim a te  th e  well width a n d  th e  linew idth of th e  h eav y  
hole exciton  from  th e  s p e c tra . T he  im portan t p e a k s  a re  labe lled  in th e  d iag ram . T he 
h ig h e s t  in te n s ity  p e a k  o ccu rrin g  a t  7 8 3 0 .5  A (1 .5 8 3  e V ) .  T h e  inflection  on  th e  
high e n e rg y  side of th e  p e a k , a t 7801 A ( 1 .5 8 9  e V ) ,  is a ttr ib u te d  to th e  light 
hole exciton  ( I h ). O n th e  low er en e rg y  s id e  of th e  sp e c tru m  th e  p e a k  a t 7 8 6 8  A 
(1 .5 7 6  eV ) w a s  p ro b a b ly  d u e  to  b o u n d  tra n s itio n s  ( b t ) [ C h e n  1 9 8 7  ] w hich 
will b e  th e rm a lise d  a s  th e  te m p e ra tu re  is in c re a s e d . T h e  a lum inium  co n c e n tra tio n  
determined from  th e  p e a k  a t 689 6  A ( 1 .798  e V ) w a s  26  % .
W e ll A lu m in iu m Exciton Binding E nergy Exciton T ran s itio n s
W id th C o n cen tra tio n H eavy hole Light Hole H eavy L igh t
A % meV meV eV nm eV nm
6 2 26 11.1 12 .5 1 .5 9 2  779.1 1 .6 0 5  7 7 2 .7
Tem perature 9.2 K
Table 3.2.1 W ell w id th  of th e  g ro w n  s t ru c tu re  d e te rm in e d  u s in g  th e  
p ro g ram  Xton from PL d a ta  o b ta in ed  a t 9 .2  K
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T h e  room  te m p e ra tu re  p h o to lu m in e sc e n c e  sp e c tru m  is a lso  sh ow n  in F igure 3 .2 .2 . 
F rom  th is  s p e c tru m  (m e a s u re d  a t  S heffie ld ) th e  a lum in ium  c o n c e n tra tio n  in th e  
b a rrie rs  w a s  a lso  d e te rm in e d  a s  2 6 %  a n d  th e  well w idth in th e  in trinsic reg ion  w a s  
found  to b e  6 2  A c o m p a re d  to th e  d es ig n  th ick n ess  of 5 0  A.
U sing th e  p ro g ram  Xton d e sc r ib e d  in C h a p te r  2 it w a s  p o ss ib le  to c o m p a re  th e  well 
w idth from  bo th  of th e  p h o to lu m in e sc e n c e  s p e c tra  to  th a t d e te rm in e d  a t S heffie ld . 
From  T ab le  3.2.1 it c le a r  th a t th e  c a lc u la ted  h eav y  ho le  exciton  tran s itio n , 7791 A, 
fo r a  w ell o f w id th  62  A is  v e ry  c lo s e  to  th a t  a c tu a lly  o b ta in e d  from  th e  
p h o to lu m in e s c e n c e  s p e c tru m , 7 8 2 3  A. F or th e  light h o le  e x c ito n  tra n s itio n  th e  
ex p e rim e n ta l v a lu e  a t 3 0 0  K w a s  823  nm  w hich w a s  very  c lo s e  to  th a t o b ta in e d  




A lu m in iu m
C o n cen tra tio n
%
Exciton Binding E nergy  
H eavy hole Light Hole 
meV meV
E xciton T ra n s itio n s  
H eavy L igh t 
nm  eV nm
62 2 6 11 .0  12 .4 1 .4 9 3  831 .1  1 .5 0 5  8 2 4 .0
T em peratu re  300 K
Table 3.2.2 W ell w idth of th e  grow n s tru c tu re  d e te rm in e d  from  X ton a t 3 0 0  K
T = 3 0 0 K
hh
832.2 nm 
( 1.489 eV )
AIGaAs
CO 714 nm 823 nm 
1.506 eV )
c
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Figure 3.2.2
Wavelength (nm)
R oom  te m p e ra tu re  p h o to lu m in escen ce  of CB 2 a s  p erfo rm ed  at 
S h effie ld
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T h e  well w idth d e te rm in e d  from  th e  p h o to lu m in e sc e n c e  sp e c tru m  a t 3 0 0  K w a s  
ag a in  u s e d  in th e  p ro g ram  Xton a long  with an  alum inium  c o n cen tra tio n  of 26%  an d  
th e  re su lts  a re  sh o w n  o n  T ab le  3 .2 .2 . T his tim e both  th e  h eav y  ho le  a n d  light hole 
exciton  tran sitio n  a re  m uch  c lo se r  to  th e  v a lu e s  o b ta in e d  ex p erim en ta lly  with only 1 
nm  d if fe re n c e  b e tw e e n  th e s e  th e o re tic a l re s u lts  a n d  th o s e  o b ta in e d  from  th e  
sp e c tru m . T h u s , in fu ture  ca lcu la tio n s it is a s s u m e d  th a t th e  lay er CB 2  h a s  a  well 
w idth of 62  A.
T h e  n ex t p a ra m e te r  to  b e  a n a ly s e d  w a s  th e  exc ito n  linew idth . T h is  c a n  b e  an  
im p o rtan t fac to r  in th e  o p e ra tio n  of an  e le c tro a b so rp tio n  m o du la to r, particu larly  in 
th is  c a s e  w h e re  a  re la tively  n arrow  well w idth h a s  b e e n  u s e d  w hich re d u c e s  th e  
e n e rg y  sh ift o b ta in a b le  for a  p a r tic u la r  a p p lie d  e le c tr ic  field . T h e  b ro a d e r  th e  
linew idth , th e  le s s  p o s s ib le  it is to  o b ta in  a  high c o n tra s t  ra tio . F u rth e rm o re  th e  
w idth of th e  exciton  in p h o to lu m in escen ce  s p e c tra  a t low te m p e ra tu re  is an  indication 
of th e  quality  of th e  m ateria l.
T h e  linewidth of th e  exciton ic  transition  c a n  b e  a ttrib u ted  to  tw o m ain m e c h a n ism s: 
h o m o g e n e o u s  a n d  in h o m o g e n e u o s  b ro a d e n in g . T h e  s o u rc e s  of in h o m o g e n e u o s  
b ro ad en in g  include th e  e ffec ts  of im purities, q u an tu m  well in te rface  ro u g h n e ss , alloy 
c lu s te r in g  in te rn a ry  s t ru c tu re s  a n d  w ell to  w ell f lu c tu a tio n s  in th e  m ultip le  
q u a n tu m  w ell re g io n . Im purity b ro a d e n in g  is d u e  to  th e  in te ra c tio n  of im purity  
d o n o rs  or a c c e p to rs  with e x c ito n s  a n d  is p roportiona l to th e  n u m b e r of sc a tte rin g  
c e n tr e s  in th e  c ry s ta l. For high purity  m a te ria l, with n< 1 0 15 cm -3 , th e  e ffec t of 
im purity b ro a d e n in g  is neg lig ib le .
H o m o g en eo u s  b ro ad en in g  is d u e  to th e  in teraction  of ex c ito n s with p h o n o n s , i.e. the  
d isso c ia tio n  of th e  ex c ito n s by p h o n o n s . T his e ffec t m a k e s  th e  d o m in an t contribution 
to th e  linew idth a n d  both  optical an d  ac o u s tic  p h o n o n s  a re  involved in th e  p ro c e s s  a t 
room  te m p e ra tu re . T h e  p h o n o n  con tribu tion  to th e  linew idth is p ro p o rtio n a l to th e  
n u m b er of p h o n o n s  p re se n t.
T h e  full w idth a t  half m axim um  ( FWHM ) of th e  h e a v y  h o le  ex c ito n  p e a k , a t
9 .2  K, w a s  4 .8  m eV  ( 2 . 4  nm  ). F rom  th e  room  te m p e ra tu re  PL r e s u l ts ,  th e  
FWHM w a s  8 .9  m eV , th e re fo re  th e re  is c o n s id e ra b le  b ro a d e n in g  of th e  exciton
54
fe a tu re  d u e  to  th e  in c re a s e  in te m p e ra tu re . F u rth e r b ro ad en in g  will a lso  ta k e  p lace  
on application  of th e  drive v o ltage  an d  th e  effect of th is an d  a  co m p ariso n  b e tw een  the  
linew idth of th is  d e v ic e  a n d  o th e r  sim ilar d e v ic e s  from  th e  lite ra tu re  a re  d is c u s s e d  
in S ec tio n  3 .6 .
3.2.2 Current-voltage measurements
T h e  to ta l e le c tro s ta tic  po ten tia l b e tw e e n  th e  p -s id e  a n d  th e  /7-s id e  n eu tra l re g io n s  
a t  th e rm a l equilibrium  is ca lled  th e  built-in po ten tia l V^j g iven  by :
_ J c T  111 n a n b 
v b i -  q  n 2
‘ 3 .1
N a is th e  a c c e p to r  im purity d en s ity  ( c m '3 )
N b is th e  d o n o r impurity d en sity  ( c m '3 )
nj is th e  in trinsic d en s ity  ( cm ' 3 )
T h e  reg io n  w h e re  th e  free  ca rr ie r  d en s ity  is z e ro  is c a lle d  th e  d ep le tio n  reg ion . 
U nder forw ard  b ia s  th e  to tal e le c tro s ta tic  p o ten tia l a c ro s s  th e  junction  d e c r e a s e s  by 
VF th e  ap p lied  forw ard vo ltag e . T h ere fo re  Vbj is re p la c e d  by Vbj-V F a n d  th e  dep le tion  
w idth is re d u c e d . A la rg e  cu rren t will flow for forw ard  b ia s  > Vbj. A re v e rs e  b ia s , by 
c o n tra s t ,  in c r e a s e s  th e  to ta l e le c tro s ta tic  p o ten tia l a c ro s s  th e  junc tio n  by VR, th e  
ap p lied  re v e rse  vo ltag e . U nder re v e rse  b ia s  cond itions th e re  is th e re fo re  an  in c re a se  
of th e  dep le tion  width.
l-V a n a ly s is  of th e  d e v ic e  w a s  p e rfo rm e d  u s in g  a  H e w le tt-P a c k a rd  4 5 1 5A 
S e m ic o n d u c to r  P a r a m e te r  A n a ly se r . It is p o s s ib le  to  d e te rm in e  th e  r e v e r s e  
b reak d o w n  of th e  d ev ice  using  this e q u ip m en t a n d  a lso  th e  re v e rse  le a k a g e  cu rren t 
be low  b reak d o w n . T h e  la tter is an  indication of th e  quality of th e  d iode , th e  low er th e  
le a k a g e  c u rre n t th e  b e tte r  th e  uniform ity of th e  e lec tric  field a c ro s s  th e  d ep le tio n  
reg ion .
T h e  le a k a g e  cu rren t of o n e  dev ice , fab rica ted  a s  ou tlined  in S ec tio n  3 .3  from layer 
CB 2, is show n  in F igure 3 .2 .2 . T h e  le a k a g e  cu rren t w a s  sm all, ~ 10 nA ( 1pA /cm 2) 
for th e  v o lta g e s  ( < -30  V ) of in te re s t. T h e  d io d e  b e g a n  to b re a k  dow n below  a  
v o lta g e  of -30  V but a s  will b e  s e e n  la te r in th is c h a p te r , th is m o d u la to r w a s  only
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req u ired  to o p e ra te  a t v o lta g e s  a b o v e  -30 V.
1.00e-8 n
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F ig u re  3 .2 .2  L eakage  curren t of CB 2  a s  a  function of vo ltage
3.3 Fabrication of electroabsorption modulator
In o rd e r  to  u s e  lay er CB 2 a s  a  tra n sm iss io n  e le c tro a b so rp tio n  m o d u la to r it w a s  
n e c e s s a ry  to rem ove  th e  s u b s tra te  an d  form ohm ic  c o n ta c ts  with th e  n a n d  p  layers, 
a s  d e sc rib e d  below.
3 .3 .1  C le a n in g  o f  s a m p le
It w a s  n e c e s s a ry  th a t th e  c ry s ta l s u rfa c e  w a s  c le a n  to  e n s u re  th a t g o o d  o h m ic  
c o n ta c ts  w e re  fo rm ed  on  th e  d e v ic e . T h e  sa m p le  w a s  th e re fo re  d e g r e a s e d  with a  
so lu tion  of s o a p  a n d  w a te r  follow ed by rinsing in a c e to n e , m e th an o l an d  finally d e ­
io n ise d  w a te r . If th e  s u r fa c e  w a s  v e ry  d irty  it w a s  o fte n  n e c e s s a r y  to  u s e  
tr ic h lo ro e th e ly n e  b e fo re  a  final rin se  with a c e to n e  a n d  m e th a n o l. T h e  c le a n in g  
p ro c e s s e s  w ere  im proved if c a rried  ou t in an  u ltrason ic  ba th .
3 .3 .2  P h o t o l i t h o g r a p h y
T h e  to p  p - t y p e  o h m ic  c o n t a c t  w a s  d e f in e d  u s in g  c o n v e n t io n a l  
p h o t o l i t h o g r a p h y . ( F ig u re  3 .3 .1  )
3 . 3 . 2 .1 P h o t o r e s i s t
A la y e r  of p h o to re s is t, w hich is se n s itiv e  to  u ltra-v io let rad ia tio n , w a s  sp u n  on to
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th e  sa m p le  a t  8 0 0 0  rpm . A positive  p h o to re s is t (S h ip ley  AZ 1 4 5 0 J) w a s  u s e d  an d  
soft b a k e d  in an  o v en  for 3 0  m inu tes a t a  te m p e ra tu re  of 90°C .
F ig u re  3.3.1 S am p le  ex p o se d  to UV light an d  th e  resis t d ev e lo p ed
T h e  b ak ing  p ro c e s s  w a s  in te rru p ted  a fte r  15 m in u tes  to  im m e rse  th e  re s is t in a  
so lu tion  of c h lo ro b e n z e n e  for a  perio d  of 10 m in u tes . T his h a rd e n s  th e  re s is t an d  
c a u s e s  an  o v e rh an g  profile a t th e  e d g e s  of th e  e x p o se d  a r e a  [ M im ura 1 9 8 6 ]  which 
allow ed a  su b s e q u e n t  lift-off p ro c e s s  to ta k e  p lace  m ore  easily .
3 .3 .2 .2  M a s k  d e s i g n
T h e  d a rk  field m a sk  c o n s is ts  of an  a n n u la r  ring, o u te r  c irc le  4 0 0  pm  in d ia m e te r  
a n d  in n e r c irc le  100 pm  in d ia m e te r , c o n n e c te d  to a  s q u a re  p a d , 4 0 0  pm  x 40 0  
pm . T he a r e a s  of th e  ring an d  th e  sq u a re  ohm ic p a d  a re  tra n sp a re n t to UV rad iation , 
with th e  inner circle a n d  th e  re s t of th e  m ask  o p a q u e .
3 .3 .2 .3  E x p o s u r e  a n d  d e v e lo p in g
T h e  re s is t  c o a te d  sa m p le  w a s  m o u n ted  in th e  m a sk  a lig n er an d  e x p o s e d  to  UV 
rad ia tio n  for 6  s e c o n d s . T h is  s a m p le  w a s  th e n  p la c e d  in a  so lu tio n  of S h ip ley  
d e v e lo p e r , d ilu ted  1:1 with d e -io n ise d  w a te r, for 55  s  or until th e  e x p o s e d  a r e a  of 
re s is t w a s  fully d e v e lo p e d . T h e  sa m p le  w a s  th en  rin sed  in d e - io n ise d  w a te r  to  halt 
th e  d eve lop ing  p ro c e s s . T h e  d ev ice  w a s  now  read y  to h a v e  th e  top  p -o h m ic  c o n ta c t 
ev ap o ra ted .
3 .3 .3  E v a p o r a t io n  o f  M e ta l C o n ta c t s
An ohm ic  c o n ta c t is d e fin ed  a s  a  m e ta l-sem ico n d u c to r c o n ta c t th a t h a s  neglig ib le 
c o n ta c t re s is ta n c e  c o m p a re d  to th e  bulk s e r ie s  re s is ta n c e  of th e  se m ico n d u c to r. A
57
s a t is fa c to ry  o h m ic  c o n ta c t  c a n  p a s s  th e  re q u ire d  c u r re n t  w ith a  v o lta g e  d ro p  th a t  is 
sm a ll in c o m p a r is o n  to  th e  d ro p  a c ro s s  th e  ac tiv e  reg io n  of th e  d e v ic e .
F o r a  p -i-n  s t r u c tu re  it is n e c e s s a r y  to  e v a p o r a te  b o th  n -o h m ic  a n d  p - o h m i c  
c o n ta c ts .  B a s e d  o n  w ork  to  o p tim ize  th e  p e r fo rm a n c e  of c o n ta c ts  p re v io u s ly  c a r r ie d  
o u t  in th is  D e p a r tm e n t, th e  m e ta l la y e rs  a n d  th ic k n e s s e s  c h o s e n  fo r th e  p - o h m ic  
w e re
g o l d - 3 0 0  A 
z i n c - 3 0 0  A 
g o l d - 3 0 0  A
T h e  s a m p le  w a s  p la c e d  in an  e v a p o ra to r  filled with a  liquid n itro g e n  c o o le d  tra p  a n d  
th e  p r e s s u r e  w a s  re d u c e d  to  1 0 *6 m T orr. T h e  s a m p le  s u r f a c e  w a s  c le a n e d  in a  R F  
p la s m a  fo r a  p e rio d  of 15 m in u te s , in o rd e r  to re m o v e  a n y  n a tiv e  o x id e  lay e r, b e fo re  
e v a p o r a t io n .  T h e  p -o h m ic  m e ta ls  w e re  th e n  e v a p o r a te d  o n to  t h e  s a m p le ,  th e  
th ic k n e s s  o f th e  m e ta l la y e r s  b e in g  o b s e r v e d  u s in g  a n  In te ll im e tr ic s  th ic k n e s s  
m o n ito r. It w a s  fo u n d  th a t th e  e x a c t  th ic k n e s s  of th e  m e ta l la y e rs  w a s  n o t c ru c ia l to  
th e  p e r fo rm a n c e  of th e  d e v ic e , b u t th e s e  w e re  g e n e ra lly  k e p t c lo s e  to  th e  re c ip e  g iv en  
a b o v e .
3 .3 .4  L ift-off
T h e  s a m p le  w a s  re m o v e d  from  th e  e v a p o ra to r  a n d  p la c e d  in a  b a th  o f a c e to n e  w hich  
d i s s o lv e d  th e  r e m a in in g  p h o to r e s is t  a n d  s o  ’l if te d -o ff  th e  mefaf fro m  th e  n o n ­
exposed a r e a s .  ( F ig u re  3 .3 .2 )  T h e  p -o h m ic  c o n ta c t is sh o w n  in Photograph 3 .3 .
l i f t  off
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F ig u re  3 .3 .2  Lift-off p ro c e s s
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T h e  rem ain ing  m eta l fo rm ed  th e  p-ohm ic co n tac t. To m ake  th e  c o n ta c t ohm ic  it w a s  
a n n e a le d  in a  fu rn ace , in an  a tm o sp h e re  of a rgon , a t a  te m p e ra tu re  of 350°C  for o n e  
m inute . F igure  3 .3 .3  sh o w s th e  top  p -ohm ic  co n tac t. T he  sa m p le  w a s  th en  a tta c h e d , 
p -s id e  dow n, o n to  a  tra n s p a re n t  s lide , in p re p a ra tio n  for th e  rem oval of th e  G aA s 
s u b s tra te .  A L ogitech epo x y  resin  with a  refrac tive  index  of 1 .54  (to m atch  th a t of 
g la s s )  w a s  u s e d  for th is p u rp o se  a n d  w a s  c u re d  a t a  te m p e ra tu re  of 65°C  for o n e  
h o u r. T h is  ep o x y  res in  is c a p a b le  no t only of w ith stan d in g  th e  c h e m ic a ls  in th e  
v a r io u s  e tc h in g  so lu tio n s , b u t a lso  th e  h igh alloy ing  te m p e ra tu re s  u s e d  in th e  
form ation  of th e  ohm ic  c o n ta c ts .
A \ \ V  \ \ W W  x \ V
F ig u re  3 .3 .3  T he top p-ohm ic con tac t
3 .3 .5  C h e m ic a l  W e t - E tc h in g
During th e  first a tte m p ts  to fab rica te  th e  m odu la to r d e v ic e s , an  effort w a s  m a d e  to 
le a v e  th e  s u b s tra te  on  th e  layer for su p p o rt a n d  m erely  e tch  a  w indow  th rough  it to 
form  th e  a p e r tu re  of th e  d ev ice . T his p ro c e s s  w a s  difficult, a s  m any  of th e  m a sk s  
u s e d  to  p ro te c t th e  s u b s tra te  w ere  in a d e q u a te  an d  easily  rem o v ed  by th e  ch em ica l 
e tc h a n ts .  After th is  m eth o d  p ro v ed  fru itless it w a s  d e c id e d  th a t th e  en tire  s u b s tra te  
w ould b e  rem oved  a n d  a  g la s s  slide em ployed  to su p p o rt th e  rem aining thin layers.
T he  o p a q u e  G aA s su b s tra te  w as  rem oved  by a  p ro c e s s  of w et chem ical e tch ing . This 
w a s  c h o s e n  ra th e r th an  dry-etch ing  te c h n iq u e s  d u e  to th e  th ic k n e ss  of th e  su b s tra te . 
T h e  p ro c e s s in g  tim e involved using  d ry -e tch ing  te c h n iq u e s  m a k e s  th em  u n su itab le  
for th is  p u rp o se . To rem o v e  th e  thick G aA s su b s tra te  ( 4 0 0  pm  ) it w a s  n e c e s s a ry  
to u s e  two different e tc h a n ts . T he first of th e s e  w as  a  fa s t n o n -se lec tiv e  e tch , th a t is 
it w ould d isso lv e  both  G aA s and  AIGaAs. This w a s  rep laced , on  nearing  th e  epitaxial 
la y e rs , by a  s lo w e r m o re  s e le c t iv e  e tc h , w hich  d o e s  n o t s ig n if ican tly  e tc h
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AIGaAs.j GEC Wet etching report ]
T h e  fa s t  e tc h  w a s  a  so lution  of
1 8 1
h 2 o  h 2 o 2 h 2 s o 4
de ionised water hydrogen peroxide ( 30 %) sulphuric acid ( 98 %)
T h e  s a m p le  w a s  p la c e d  in th e  e tch in g  so lu tion  o n  a  h o t-p la te  a t  a  te m p e ra tu re  o f 
3 0 ° C  to  g iv e  a  co n tro llab le  a n d  uniform  e tc h  ra te . A m a g n e tic  s tirre r  w a s  u s e d  to  
k e e p  th e  solution  flowing over th e  sa m p le  during th e  p ro c e s s . T h is  no t only m a k e s  th e  
e tc h  ra te  m o re  uniform  b u t h e lp s  to  k e e p  th e  s u r fa c e  e tch in g  e v e n  by p rev en tin g  
d isso lv e d  m e ta l o r  dirt from  clogging  on  to p .
O v e r  a  p e r io d  o f 2 0  m in u te s  th e  e tc h  ra te  c a n  v a ry  from  2 5  p m  to  1 7  p m  p e r  
m in u te . T h e s e  ra te s  differ with tim e a s  th e  e tch in g  so lu tion  quickly  d e g ra d e s .  Any 
fluctuation  in te m p e ra tu re  of th e  ho t-p la te  o r  th e  room  c a n  a lso  h a v e  a n  effec t on  th e  
ra te  of e tch in g . T h e s e  p ro b lem s c a n  b e  a llev ia ted  by c h an g in g  th e  so lu tion  frequen tly  
o r  by  ad ju stin g  th e  leng th  of th e  p ro c e s s  tim es  accord ing ly . A s sh o w n  in P h o to g rap h
3.1 th is  e tc h  is a n iso tro p ic  a n d  th u s  th e  d iffe ren t c ry s ta l o r ie n ta t io n s  e tc h  a t 
d iffe re n t ra te s .
T h e  sa m p le  th ic k n e ss  of th e  d ev ice  w as  m onito red  by exam in ing  it u n d e r a n  op tical 
m ic ro sco p e . By fo cu ssin g  on  th e  bottom  of th e  sa m p le  a n d  th e n  th e  to p , a n d  referring 
to  th e  d is ta n c e  trave lled  by th e  fo cu s control, th e  th ic k n e ss  of th e  rem ain ing  m ateria l 
w a s  e s ta b lish e d . It w a s  n e c e s s a ry  to  rem ove  th e  sa m p le  frequen tly  from th e  ch em ica l 
e tc h  a n d  rin se  it in d e -io n ised  w a te r  to perform  th is an a ly s is .
A s th e  d e s ire d  d e p th  w a s  a p p ro a c h e d  ( typically  a f te r  4 0 0 p m ) th e  so lu tio n  w a s  
c h a n g e d  to  a  se lec tiv e  e tc h  to  p re v e n t a n y  rem oval of th e  rem ain ing  la y e rs  on  th e  
sa m p le . T his w as:
20  1
H 2 0 2  NH4OH
h y d ro g en  p e ro x id e  (30% ) a m m o n ia  so lu tio n  (30% )
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P h o t o g r a p h  3.1 W et-etching profile of the G aA s in the  fast  non-se lec t ive  etch
P h o to g r a p h  3 .2  Effect of the selective etch which s to p s  at the etch s top  layer.
The t races  of the GaAs su b s tra te  will be  rem oved  by the etch
T his ra tio  is th e  optim um  for fa s t etch ing  of the  G aA s ( ~ 1 |im / m inu te  ) a n d  very  
slo w  e tch in g  of th e  AIGaAs layer ( ~0.1 jim /m inute ). T he b e s t  te m p e ra tu re  for th is  
p a r t  o f th e  p ro c e s s  w a s  0  C which allow ed a  c o n s ta n t a n d  slow  e tc h  ra te  to  b e  
m a in ta in ed . T his w a s  slow  en ough  to o b se rv e  th e  c h a n g e  in a p p e a ra n c e  of th e  crysta l 
w h en  th e  A IG aA s layer w a s  e n c o u n te re d . T his e tch  s to p s  su ccessfu lly  a t a  layer of 
A IG aA s with a  co n cen tra tio n  of alum inium  g rad ed  from 50%  to  30% . P h o to g rap h  3 .2  
sh o w s th e  d ifference b e tw een  the  e tchan t on GaAs/AIGaAs, an d  to th e  right h an d  s id e  of 
th e  p ic tu re  th e  flat e tch  s to p  layer is o b se rv ed .
3.3.6 n-ohmic contact
H aving rem o v ed  th e  su b s tra te  the  /7-ohm ic co n tac t w as  now  e v a p o ra te d  in th e  s a m e  
m a n n e r  a s  th e  p -o h m ic  co n tac t, a s  show n in P h o to g rap h  3 .4 . A lthough th is  c o n ta c t 
w a s  a n n e a le d  a s  before  it b ec a m e  ap p a ren t tha t the  yield of good  d ev ice s  w a s  low after 
th is  p ro c e s s . D ev ices w ere  te s te d  befo re  an d  after th e  an n ea lin g  p ro c e s s  to identify 
th e  p ro b lem . It w a s  ev en tu a lly  d isc o v e re d  th a t th e  an n e a lin g  p ro c e s s  itself w a s  
c a u s in g  th e  sh o rt c ircu its . Two so lu tio n s to th is p rob lem  w ere  found  : firstly th e  
a n n e a lin g  p ro c e s s  w as  om itted  but th e  breakdow n c h a ra c te ris tic s  w ere  not a s  sh a rp  
a s  prev iously  an d  th e  co n ta c ts  w ere  easily  d a m a g e d  during th e  bonding p ro c e s s . T he 
d e v ic e s  d id  h o w e v e r  exh ib it high re v e r s e  b reak d o w n  c h a ra c te r is t ic s  a n d  th e  
p e rc e n ta g e  of sh o rt circu its w as  low ered . T he  se c o n d  an d  b e tte r  so lu tion , w a s  to 
e lim in a te  th e  nickel in th e  m etal layer. T he p re s e n c e  of th is m eta l a c c e le r a te s  th e  
g e rm a n iu m  diffusion ra te  th rough  th e  sem ico n d u c to r an d  re su lts  in sh o r t c ircu its . 
T h e  c o n ta c ts  w e re  a n n e a le d  a s  b e fo re  a n d  th e  re su ltin g  c h a ra c te r is t ic s  w e re  
ac c e p tab le .
T h e  n -ohm ic  c o n ta c t w a s  a ligned  to the  p -ohm ic  c o n ta c t by im aging  th ro u g h  th e  
s a m p le  u sin g  in fra-red  rad ia tion . This facility is built-in to th e  m a sk  a lig n e r a n d  
c o n s is ts  of an  in fra-red  radiation  so u rc e  m ou n ted  below  th e  s a m p le  a n d  a  v id icon 
c a m e ra  a b o v e  th e  sam p le . H ence with little difficulty p a tte rn s  c a n  b e  a lig n ed  to e a c h  
o th e r  with a  p recision  of a  few  m icrons. T he sq u a re  ohm ic p a d s  w ere  d isp la c e d  180° 
from  e a c h  o th e r a s  illustrated  in F igure 3 .3 .4 .
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G lass  slide 
with epoxy  resin
Bottom, n-ohmic
Top p-ohm ic 
On o th e r side  of layers
M odu la to r lay e rs  
5p.m th ick
F ig u re  3 .3 .4  Aligning of ohm ic c o n ta c ts  
3 .3 .7  F o r m a t io n  o f  m e s a
T h e  final p ro c e ss in g  s te p  w as to rem ove th e  epitaxial layers from  th e  to p  of th e  p - 
o h m ic  p a d . During th is p ro c e s s  th e  dev ice  w as m e sa -e d  by p ro tec tin g  a n  e n la rg e d  
a r e a  a ro u n d  th e  n -ohm ic  c o n ta c t u sing  re s is t, an d  th en  e tch in g  th e  rem ain in g  
m ate ria l using  th e  fa s t non -se lec tiv e  e tch , a s  show n in F igure 3 .3 .5 . T h is  iso la ted  
th e  m o d u la to r s tru c tu re  from th e  re s t of th e  crysta l, an d  allow ed  th e  to p  of th e  p -  
ohm ic  p ad  to be  a c c e s se d , a s  show n in Photograph 3.5.
G lass  slide
B ottom  n-ohm ic with epoxy  resin
Top p-onm ic 
Epitaxial lay e rs  rem o v ed  
to a c c e s s  it
A rea  m ask ed  off 
to  m e s a  m odulator
F ig u re  3 .3 .5  Multiple quantum  well electroabsorp tion  m odulator
3 .3 .8  D e v ic e  m o u n t in g
T h e  dev ice  w as  m ounted  using epoxy resin on a  co p p er vero  board , with an  ap e rtu re . 
E lectrical c o n ta c t w a s  m ad e  using two m etal p ro b e s  so ld e red  on to  th e  c o p p e r  b o ard  
a n d  p la c e d  by h an d  on  th e  dev ice  c o n tac t p a d s , a s  sh ow n  in F igure 3 .3 .6 . T h is
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P h o t o g r a p h  3 .3
Top co n tac t  viewed through the 
g la s s  slide
P h o to g r a p h  3 .4
Bottom contac t v iewed from the 
top of the device
P h o t o g r a p h  3 .5  View of the m e sa  p ro cess  which isolates the device 
from the  surrounding epitaxial layers
a r r a n g e m e n t  w a s  m o re  su c c e ss fu l th an  th e  w ire bond ing  m a c h in e  w hich  e ith e r  
d e s tro y e d  th e  c o n ta c ts  o r would not fu se  th e  wire to the  thin m etal layers.
Figure 3.3.6 Mounting of the m odulator
3.4 Experimental set-up
T h e re  a r e  tw o m e a n s  of a s s e s s in g  th e  ab so rp tio n  sp e c tru m  of th e  m o d u la to r  
s tru c tu re s  : th e  first is to m e a su re  th e  pho tocu rren t re sp o n se  of th e  sa m p le . T his is 
th e  s im p le r of th e  two a s  it d o e s  not require th e  rem oval of th e  o p a q u e  su b s tra te  of 
th e  c ry s ta l a n d  will b e  d e sc r ib e d  in C h ap te r  5 . T he o th e r, m ore  tim e c o n su m in g  
m e th o d  e m p lo y ed  h e re , is to fab rica te  m odula to rs a s  d e sc r ib e d  in S ec tio n  3 .3  a n d  
m e a s u re  th e ir  tra n sm iss io n  sp e c tra .
3.4.1 Transmission measurements of CB 2
T h e  a p p a ra tu s  to m e a su re  the  transm ission  of the m odulator a s  a  function of re v e rse  
b ia s  v o lta g e  is show n  in Figure 3 .4 .1 .
3.4.1.1 Light source
In o rd e r  to  tra n sm it light th rough  th e  lay ers  it w a s  n e c e s s a ry  to  u s e  a  s o u rc e  
c a p a b le  of tun ing  o v er a  su itab le  w avelength  ran g e . T he reg ion  of in te re s t h e re , for 
a n a ly s is  of th e  b an d  e d g e  absorp tion  and  the  heavy  an d  light hole exciton  tran sitio n s, 
v a r ie d  from  7 9 0  nm  to  850  nm . At first an  argon  ion p u m p ed  a  S tyryl-9 d y e  la s e r  
w a s  u s e d  bu t th is  w a s  a b a n d o n e d  in favour of a  m ore  s ta b le  a n d  re liab le  sy s te m , 
co n sis tin g  of a  white light so u rce  and  a  m onochrom ator.
T h e  s y s te m  c o n s is te d  of an  Ealing 1 0 0 W T u n g sten  H alogen  fla sh  lam p, with a  
s ta b il iz e d  p o w e r su p p ly  4  - 1 2  V, c a p a b le  of su p p ly ing  su ffic ien tly  h igh o p tica l
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p o w e rs  to  e x a m in e  th e  s tru c tu re  (> 800 nW afte r m on o ch ro m ato r). T h e  light w a s  
d is p e r s e d  th ro u g h  a  d o ub le  0 .25 m S p ex  sp e c tro m e te r  with 600  lines/m m  g ra tin g s . 
T h e  m o n o ch ro m a to r w as  o p e ra te d  in seco n d  o rd er to  ob tain  h igher o u tp u t p o w ers . A 
h ig h  f r e q u e n c y  c u t-o ff filter ( S c h o tt RG 7 1 5  g l a s s ), p e rm ittin g  on ly  th e  
t r a n s m is s io n  of light a b o v e  70 0  nm , w a s  in se r te d  a fte r  th e  m o n o c h ro m a to r, to 
e lim in a te  th e  u n d esirab le  h igher energy  co m p o n en ts  of th e  signal.
3.4.1.2 Chopper
A c h o p p e r  w a s  u s e d  with a  lock-in am plifier in o rd e r to  e lim inate  th e  e ffe c ts  of 
b a c k g ro u n d  light a n d  o th e r stray  signals. T he light w as  ch o p p ed  a t su itab le  freq u en cy  
to  m in im ise  m a in s  in te rfe ren ce  - not for exam ple  a t an  integral m ultiple of 5 0  Hz - 
a n d  th is  re fe re n c e  freq u en cy  w as  u se d  a s  a s  th e  input to th e  lock-in am plifier. By 
th is  m e a n s  only s ig n a ls  a t th e  ch o p p er frequency  w ere  am plified. A len s  w a s  p laced  
a f te r  th e  c h o p p e r  to  co u p le  th e  light into an  end-fire rig.
3.4.1.3 End-fire rig
T h e  en d -fire  rig sy s te m  co n s is te d  of two m icroscope  o b jec tiv es , pointing to w a rd s  
e a c h  o th e r , m o u n ted  on  x, y an d  z tran sla tio n  s ta g e s .  T his flexible a r ra n g e m e n t 
a llow ed  a c c u ra te  alignm ent of th e  light beam  through th e  m odulator. T he  d e v ice  w a s  
p la c e d  b e tw e e n  th e  o b jec tiv es  on a  s ta g e  c a p a b le  of m o v em en t in th e  x, y an d  z 
d ire c tio n s  p lu s  a n g u la r  rotation allowing th e  b eam  of light to  b e  inc iden t a t  ex ac tly  
9 0 ° to  th e  m odu la to r su rface . X20 m icroscope objec tives w ere  u se d .
3.4.1.4 Detection of signal
T h e  s ig n a l w a s  d e te c te d  using a  germ anium  pho tod iode p laced  a t th e  o u tp u t of th e  
en d -fire  rig. T h is w a s  c o n n e c te d  to an  O re tec  B rookdeal 9 5 0 3 -S C  p rec is io n  lock-in 
am p lifie r. F o r e a s e  of a lig n m en t th e  d e te c to r  w a s  a lso  m o u n te d  on  a n  x ,y ,z  
tra n s la tio n  sy s te m . T he w hole sy stem  w as  m ounted  on  an  op tical b e n c h  for stability. 










3.4.1.5 Computer Control of System
An IBM XT 2 8 6  c o m p u te r  w a s  u se d  to  simplify d a ta  ac q u is itio n . F irstly  th e  
m o n o c h ro m a to r  w a s  in te rfaced  to  th e  co m p u te r using  o n e  of th e  p rin te r  p o rts . 
S o f tw a re  w a s  w ritten  to  s e t  th e  w av e len g th  ra n g e  of th e  m o n o c h ro m a to r , th e  
w av e len g th  s te p  size  an d  the time delay  betw een  su ccess iv e  m e a su re m e n ts . T h e  lock- 
in am plifier w a s  in terfaced  to the  com puter via an  an a lo g u e  to digital co n v erte r. T his 
a llow ed  th e  d e te c te d  signal to be  collected  in digital form by th e  com pu ter.
3.4.2 Experimental Procedure
To align th e  w hole sy stem  initially th e  m odulator w as rep laced  by a  p iece  of epoxy  
c o v e re d  g la s s .  T h e  b e a m  w as th en  aligned by rem oving th e  filter a n d  using  visib le 
light. T o op tim ize th e  signal, the  focus and  relative positions of th e  lam p, m ic ro sco p e  
o b je c tiv e s , len s  an d  d e tec to r w ere all ad justed . T he slit w idths of th e  m o n o ch ro m ato r 
w e re  m a d e  a s  sm all a s  possib le  to im prove the  w avelength  resolution  : in th e  c a s e  of 
th e  tra n sm iss io n  sp e c tra  in Section  3 .5  th e s e  w ere 0.1m m . T he d e te c te d  signal w a s  of 
th e  o rd e r  of 100  pV. To align th e  m odula to r a  pellicle b e a m  sp litte r w a s  p la c e d  
b e fo re  th e  input ob jective an d  a  portion of th e  light w as  fo c u sse d  on to  an  in fra-red  
c a m e ra . In th is w ay the  apertu re  of the  device could b e  located , an d  th e  s a m e  s te p  w as  
ta k e n  a t th e  o u tp u t to e n su re  tha t the  light w as transm itted  th rough  th e  s tru c tu re . To 
m in im ise  n o ise , th e  v o lta g e  w a s  ap p lied  to  th e  d ev ice  u sin g  a  b a tte ry  a n d  a  
p o te n tio m e te r  with th e  v o ltage  being m onitored using a  digital vo ltm eter.
T h e  e x p e r im e n ts  w ere  ca rried  ou t by firstly record ing  th e  sy s te m  r e s p o n s e  by 
re p la c in g  th e  sa m p le  with a  g la s s  slide This sp ec tru m  w a s  u s e d  to d e te rm in e  th e  
r e s p o n s e  of th e  w hole sy stem  a s  a  function of w avelength , an d  w a s  su b se q u e n tly  u se d  
to n o rm a lise  th e  m odulator sp ec tra .
3.5 Transmission results of CB 2
T h e  tra n sm iss io n  sp e c tra , reco rd ed  a s  outlined Section  3 .4 .2 , a re  p re s e n te d  in th is 
s e c t io n . By c o m p arin g  th e s e  s p e c tra , o b ta in e d  a t th e  v a r io u s  a p p lie d  re v e r s e  
v o lta g e s , it is p o ssib le  to quantify the  Q C SE  shift.
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3.5.1 Normalising curve
T h e  s y s te m  re s p o n s e  is show n in Figure 3 .5 .1 . A s prev iously  d e sc r ib e d  th is  w a s  
u s e d  to  e lim inate  th e  effec ts  of th e  variation in th e  sy stem  re sp o n se  with w av e len g th . 
Inc lu d ed  in th is  sp ec tru m  a re  absorp tion  and  reflection effec ts  d u e  to  th e  g la s s  slide, 
m ic ro sc o p e  o b jec tiv es , low p a s s  filter, the  len s  an d  the  epoxy.
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F ig u re  3.5.1 Normalising curve
3 .5 .2  Z e r o  b ia s  s p e c t r u m  o f CB 2
F ig u re  3 .5 .2  sh o w s  th e  ab so rp tio n  sp ec tru m  of CB 2  with no a p p lied  field. T h e  
re su lts  for th e  shift of th e  heavy  hole exciton p eak  and  th e  b ro ad en in g  resu lting  from 
th e  a p p lic a tio n  of th e  e lec tr ic  field, p re s e n te d  in th is  s e c tio n , a re  d e te rm in e d  
re la tiv e  to  th is  z e ro  ap p lied  b ias  condition an d  a re  not c o rre c ted  for th e  z e ro  b ia s  
b u ilt- in  f ie ld .
T h e  p o sitio n s of th e  th e  heavy and  light hole excitons a re  show n in F igure 3 .5 .2 . T he 
h e a v y  h o le  p e a k  o c c u rs  a t a  w av e len g th  of 831 nm (1 .4 9 2  eV) a n d  s in c e  th is  
exciton  is c lo s e s t  to th e  absorp tion  e d g e  an d  th erefo re  h a s  th e  m ost influence on th e  
c o n tra s t  ratio , it is th is p eak  which is of m ost in terest. T he  light ho le  exciton  is a lso  
re s o lv a b le  a t  z e ro  b ia s  an d  o c c u rs  a t a  w av elen g th  of 82 3  nm (1 .5 0 6 6  eV ). T h e  
position  of th e  two exciton transition p e a k s  can  be co m p ared  to th o se  found  using  th e
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p ro g ram  Xton d e sc r ib e d  in C hap ter 2 .
T o  d o  th is  it is n e c e s s a ry  to co rrec t th e  experim en ta l d a ta  for th e  built-in field a t 
z e ro  b ia s .  A ssu m in g  a  built-in v o ltag e  of 1 .4  V th e n  th e  e le c tr ic  field  in th e  
in tr in s ic  re g io n , w idth 2 .2 4  jim , will b e  ap p ro x im ate ly  6 .2 5  x 10 4 V /cm . From  
e q u a t io n  2 .4 9  th is  re s u lts  in a  sh ift of 4 x 1 0 ' 5 eV for th e  e 1 - h h 1 t r a n s i t io n ,  
w h ich  will no t significantly  affect its position in th e  ex p erim en ta l sp e c tru m . From  
X ton, a s su m in g  a  well width of 62 A an d  26 %  alum inium  co n te n t a s  o b ta in e d  from 
th e  PL  s p e c t r a ,  th e  e 1- h h 1 tran s itio n  o c c u rs  a t 831.1 nm . T h e re  is th e re fo re  
e x c e lle n t a g re e m e n t b e tw een  th e  experim ental and  theoretical resu lts .
F ig u re  5 .3 .2  sh o w s  F ab ry -P ero t re so n a n c e s  a t h igher w av e len g th s . R e s o n a n c e s  of 
th is  ty p e  h a v e  recen tly  b e e n  u tilised  by W hiteh ead  [ 1 9 8 9 ]  in th e  novel e ta lo n  
d e v ic e s  d is c u s s e d  in C h ap te r 1. T he position of th e  re s o n a n c e s  n e a r  th e  h eav y  hole 
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Figure 3.5.2 Transmission spectrum of CB 2 at zero applied electric field
3 .5 .3  T h e  e f f e c t  o f  a n  e le c t r ic  f ie ld  o n  th e  t r a n s m is s io n  s p e c t r a
T h e  t r a n s m is s io n  s p e c tr a  for ap p lied  v o lta g e s  b e tw e e n  0 V a n d  -3 3  V a re  
p re s e n te d  in th is sec tion  a s  a  function of w avelength . T h e se  a re  su b seq u en tly  u se d  to 
c a lc u la te  th e  m agn itude  of th e  S tark  shift and  the  exciton b roaden ing .
3 .5 .3 .1  L o w  e l e c t r i c  f ie ld  e f f e c t s  < 1 .0  x 10 4 V / c m  
F ig u re  3 .5 .3  p re s e n ts  a  com parison  b e tw een  th e  ze ro  b ia s  tran sm iss io n  sp e c tru m  
a n d  th a t  o f an  app lied  v o ltage  of -1 V. It is a ssu m e d  th a t e lectric  field is c o n s ta n t in 
th e  d e p le t io n  reg io n .[  Miller 1988  ] T h e  e lec tric  field in th e  d e p le tio n  reg io n  is 
6 .2 5  x 10 3 V /cm , a s  previously  ca lcu la ted , for zero  applied  v o ltag e , a n d  a t -1 V th e  
c o rre sp o n d in g  e lec tric  field in th e  d iode is 1.0 x 104 V/cm. It c a n  b e  s e e n  th a t th e re  
is little o r no  b ro ad en in g  of th e  heavy  hole exciton a s  a  resu lt of this low field bu t th e  
light ho le  is beg inn ing  to b roaden .
T h e  sm all sh ift in th e  exciton en e rg ie s  is e x p ec ted  d u e  to  th e  n a rro w n e ss  of th e  
w ells u s e d  for th is d es ig n . O ne of the  main a im s w hen design ing  th e  m odulator w a s  to 
o b ta in  a  h igh c o n tra s t  ratio  an d  to ach iev e  th is  narrow  w ells w e re  c h o s e n . T h e  
a d v e r s e  e ffe c t of u sing  narrow  w ells is th e  's lo w n e ss ' in th e  shift of th e  ex c ito n . 
From  e q u a tio n  2 .4 9
shift in energy  levels a4 
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Figure 3.5.3 Transmission spectra of CB 2 at 0 V and -1 V
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3.5.4 Electric fields below 2.8 x 104 V / cm
F ig u re  3 .5 .4  sh o w s  tran sm issio n  sp e c tra  for app lied  v o lta g e s  of 2 , 3 , 4  a n d  5 V 
to g e th e r  with th e  ze ro  b ias  spectrum .
At t h e s e  fie ld s  (m axim um  field 2 .8  x 104 V/cm) th e re  is still no real sh ift of th e  
a b so rp tio n  e d g e , although  a  slight shift in the  position of the  heavy  hole exciton p e a k  
is v is ib le  (10 A a t 5  V). T he  heavy  hole exciton p eak  is beg inn ing  to  b ro a d e n  a n d  
lo s e  o sc illa to r  s tre n g th  d u e  to th e  reduction  in ov erlap  of th e  e lec tro n  a n d  ho le  
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F ig u r e  3 .5 .4  T ra n sm is s io n  s p e c tra  for ap p lied  v o lta g e s  b e tw e e n  -2 V a n d  
- 5  V
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3 .5 .5  E le c t r i c  f ie ld s  b e tw e e n  2 .8  x 1 0 4 V /cm  a n d  5 x 1 0 4 V / c m  
B e tw e e n  ap p lied  v o lta g e s  of -5 V and  -10 V a  shift in th e  exciton p e a k  a n d  h e n c e
th e  ab so rp tio n  e d g e  b e c o m e s  ap p aren t. At the  lower applied  v o ltag es  in th is ran g e  th e  
m a g n itu d e  of th e  shift is fairly sm all rising nonlinearly with in c reas in g  field. At an  
a p p lie d  b ia s  of -10  V th e  shift i s 2 .0 2 m e V . Both th e  h eav y  ho le  a n d  light ho le  
ex c ito n  p e a k s  a re  b ro ad e r in th is ran g e  than  they  w ere  for th e  ze ro  b ia s  cond ition . 
T h e  b ro a d e n in g  of th e  heavy  hole exciton p eak  is d isc u sse d  later in th is c h a p te r . As 
th e  e le c tr ic  field is in c re a se d  th e  su p p re ss io n  of th e  a b so rp tio n  for bo th  exciton  
tra n s itio n s  c o n tin u e s , a s  show n in Figure 3 .5 .5 .
3 .5 .6  E l e c t r i c  f i e l d s  b e tw e e n  5 0  k V /cm  a n d  9 . 5 5  x  1 0 4 V / c m
T h e  f ie ld s  b e tw e e n  50  kV/cm an d  9 .55  x 104 V/cm c o rre sp o n d  to  th e  ap p lie d  
v o lta g e s  of -10  V to -20 V: se le c te d  sp e c tra  are  show n in Figure 3 .5 .6 . T he  tren d  of 
th e  sh ift of th e  abso rp tio n  ed g e  to longer w aveleng ths an d  p e a k  abso rp tio n  reducing  
w ith in c re a s in g  field co n tin u es. T he broaden ing  of the  exciton p e a k  is p ro m in en t in 
t h e s e  h ig h e r  field  s p e c t r a  with th e  p e a k  p e rs is tin g  to  th e  h ig h e s t  of th e s e  
v o l t a g e s ( -19  V). T h e  b eh av io u r of th e  light ho le  p e a k  is a s  p re d ic te d : it a lso  
b r o a d e n s ,  s h if ts ,  th o u g h  le s s  d ram a tica lly , a n d  e x p e r ie n c e s  a  re d u c tio n  in 
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Figure 3.5.6 Transmission spectra of CB 2 for -11,-13,-15,-17 and -19 V
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3 .5 .7  E l e c t r i c  f i e l d s  g r e a t e r  t h a n  9 .5 5  x 1 0 4 V / c m  
F ig u re  3 .5 .7  sh o w s  re su lts  for e lec tric  fields a b o v e  9 .5 5  x 104 V/cm. A s b efo re  
th e  ab so rp tio n  e d g e  and  heavy  hole exciton peak  continue to shift tow ard s the  red  en d  
of th e  w av e len g th  sp ec tru m . T he width of the heavy  hole exciton p e a k  e x p a n d s  with 
th e  a p p lie d  e lec tric  field and  th e re  is the  a sso c ia te d  c h a n g e  in th e  ab so rp tio n  of th is 
p eak .
T h e  light ho le  exciton  p e a k  h a s  a lm ost d isa p p e a re d  a t th e s e  h igher v o lta g e s . T he 
m ax im u m  a p p lie d  v o lta g e  w a s  -33 V ab o v e  which it w a s  difficult to  re so lv e  th e  
h e a v y  ho le  exciton p eak . T he suppression  of the  heavy hole exciton p e a k  co n tinued  a s  
d id  th e  S ta rk  shift. Even a t -33 V the  heavy hole exciton p eak  is a lm ost u n reso lv ab le  
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F ig u r e  3 .5 .7  T ra n sm iss io n  s p e c tra  of CB 2 a t -2 1 ,-2 3 ,-2 5 ,-2 7 ,-2 9 ,-3 1  
a n d  -33  V
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3.6 Exciton broadening
B ro a d e n in g  of th e  h eav y  hole exciton p eak  can  dom inate  th e  p e rfo rm an ce  of th e  
m o d u la to r  : a  narrow  exciton linewidth, which d o e s  not b ro a d e n  sign ifican tly  with 
e le c tr ic  field c a n  lead  to a  high co n tras t ratio for relatively low e lec tric  fie lds. T he 
w idth of th is  p e a k  a t low tem p era tu re  is an  indication of th e  quality  of th e  m ateria l 
a n d  a c c u ra c y  of th e  growing p ro cess . The effect of increasing th e  te m p e ra tu re  on  the  
e x c ito n  p e a k  w idth ca n  be  d e te rm in ed  by exam ining th e  room  te m p e ra tu re  PL. 
Finally th e  e ffec t of the  electric field on the linewidth of the  p eak  can  a lso  b e  a s s e s s e d  
from  th e  tra n sm iss io n  resu lts  for various v a lu es  of electric  field.
A s d is c u s s e d  b e fo re  in S ec tio n  3 .2 , th e  width of th e  exciton  p e a k  is partly  
d e te rm in e d  by  th e  quality  of th e  m ateria l. In th is  p a rticu la r  c a s e  th e re  is a  
d e tr im e n ta l e ffec t from  th e  large num ber (200) of w ells in th e  in trinsic reg ion . At 
9 .2  K th e  FWHM of th e  heavy  hole exciton p eak  w as found to b e  4 .8  m eV w hich a t 
room  te m p e ra tu re  ro se  to 8.9 meV. T hus this rise in tem p era tu re  h a s  a  la rg e  effect 
o n  th e  linew idth of th e  exciton. A slight variation in the  te m p e ra tu re  w ould h o w ev er 
n o t h a v e  an y  sign ifican t effect on the FWHM of this p eak . T he room  te m p e ra tu re  
w id th s  of v a r io u s  m odulator layers a re  p re se n te d  in T ab le  3 .6 .1 . From  th is  ta b le  it 
c a n  b e  s e e n  th a t th e  linewidth of the  heavy hole exciton p e a k  of CB 2 is re a so n a b le  
c o n s id e r in g  th e  n u m b e r of w ells inc luded  in th e  s tru c tu re . B e tte r  re s u lts  a re  
o b ta in e d  by H su [1988] using a  different growth tech n iq u e , bu t it is im p o ssib le  to 
d e d u c e  w h a t c a u s e s  th e  difference in the linewidths. T he only valid conclusion  w hich 
c a n  b e  d raw n  from th is com parison  is tha t the  layer d o e s  not a p p e a r  to exhibit any  
e x tre m e  d e trim en ta l e ffec ts  d u e  either to the  num ber of w ells o r to  th e  narrow  well 
w id th .
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R e fe re n c e Growth Technique Well Width
( A )
N um ber 
of W ells
FWHM 
( m e V  )
H su
1 9 8 8
MBE 9 4 2 0 0 5 .2
W h iteh ead
1 9 8 7
MOVPE 1 0 5 6 0 7 .8
W ood
1 9 8 4
MBE 9 5 5 0 7 .5
C B  2 
1 9 9 0
M OVPE 6  2 2 0 0 8 . 9
T a b le  3 .6 .1  L inew idths of various multiple qu an tu m  well s tru c tu re s  a t 3 0 0  K 
d e te rm in ed  from absorption  m easu rem en ts  a t ze ro  b ias
At z e ro  ap p lie d  b ia s  th e  heavy  hole FWHM can  be  o b ta in ed  by ex trapo la ting  th e  
c u rv e  a s  sh o w n  in F igure  3 .5 .2 . By applying this m ethod  to  all th e  reco rd ed  s p e c tra  
th e  b ro a d e n in g  of exciton p e a k s  d u e  to  th e  electric field can  b e  d e te rm in ed . D a ta  a re  
ta b u la te d  in T a b le  3 .6 .2 . C learly  a t h igher e lectric  fields an d  a t th a t o f op tim um  
o p e ra t io n  (1 1 .8 x 1 0 4 V /cm ) th e  field h a s  a  large effect on  th e  width of th e  exciton  
p e a k , w hich  is in c re a se d  by m ore than  a  factor of two c o m p ared  to th e  z e ro  app lied
field  co n d itio n .
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Number Well Width Applied Electric Heavy Hole Width
of  Wells ( A )  Voltage (V) Field (V/cm) (meV) (nm)
5 2 .8 5 x 1 0 4 8 .9 6 5
1 0 5 .0 8 x 1 0 4 1 0 .7 6
1 5 7 .3 2 x 1 0 4 1 1 . 6 6 .5
2 0 9 .5 5 x 1 0 4 1 3 .9 7 .8 3
2 5 1 1 . 8 x 1 0 4 1 8 . 3 1 0 . 2
3 0 1 4 .0 x 1 0 4 2 0 .5 1 1 . 6
T a b l e  3 .6 .2  B roadening of the heavy hole exciton p eak  a s  a  function of 
app lied  electric field to CB 2
3 .7  M a g n i tu d e  o f  th e  s h i f t
T a b le  3 .7 .1  su m m a rise s  th e  experim entally  and  theoretically  o b ta in ed  shift of th e  
h e a v y  ho le  exciton  p e a k  for layer CB 2. T he experim ental shift w as  reco rd ed  relative 
to  th e  z e ro  ap p lied  b ia s  condition s in ce  d a ta  for th e  condition of z e ro  e lec tric  field 
w e re  n o t re c o rd e d . W hen  calcu lating  th e  theoretical shift u sing  eq u a tio n  2 .4 9  th is  
fa c t h a s  b e e n  ta k e n  into consideration and  th e  shift h a s  b e e n  ca lcu la ted  relative to  an  
a p p lie d  b ia s  of 6 .2 5  x 103 V/cm corresponding  to a  built-in v o ltag e  of 1 .4  V of th e  
d io d e . T h is  re su lts  in an  ad ju stm en t of 0 .03 m eV to th e  theo re tica l re su lts . T h e re  is 
c lo s e  a g re e m e n t  b e tw e e n  th e  experim ental an d  theo re tica l sh ifts, sh ow n  in F igure 
3 .7 .1 , p a rticu la rly  a t  th e  low er e lec tric  field en d  of th e  s p e c tra  w h e re  th e  tw o 
c u rv e s  a r e  in ex ce llen t ag reem en t. T hu s th e  validity of th e  sim ple th eo re tica l m odel
h a s  b e e n  confirm ed.
T a b le  3 .7 .2  su m m a rise s  experim ental shifts o b ta ined  from th e  lite ra tu re  for a  few  
tra n s m is s io n  e le c tro a b so rp tio n  m o d u la to rs  with v a rio u s  well w id th s . An e le c tr ic  
field of 5 .5  x 104 V/cm w as  c h o se n  to com pare  th e s e  re su lts  with th o se  o b ta in e d  for 
C B  2  a s  sh o w n  in F igure 3 .7 .2 . As ex p ec ted  th e  shift a t a  particu lar e lec tric  field is
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la rg e r  fo r w ider w ells, s e e  equation  2.49, with a  slight discontinuity  found  b e tw een  
th e  9 5  A w ells , [M iller 1 9 8 5 ]  an d  th e  94 A w ells [H su  1 9 8 8 ] . T h e  c u rv e s  of 
b o th  th e  4 7  A a n d  147  A w ells w ere in terpolated  to find th e  shift a t th is p articu la r 
field. T h e  m ag n itu d e  of th e  shift for the  62 A wells show s rea so n ab le  a g re e m e n t with 
th e s e  re su lts .
In c o n c lu s io n , th e  experim en ta l shift of the  heavy hole exciton p e a k  for s tru c tu re  
CB 2 is c lo s e  to  theo re tica l predictions. In addition the  behav iou r is c o n s is te n t with 









Magnitude of Shift (meV) 
Experimental Theoretical
2 0 0 6 2 5 2 . 8 5 x 1 0 4 0 . 5 6 0 . 6 5
1 0 5 .0 8 x 1 0 4 2 . 0 2 2 . 1 5
1 5 7 .3 2 x 1 0 4 4 . 5 0 4 .5 1
2 0 9 . 5 5 x 1 0 4 6 . 9 5 7 . 7 0
2 5 1 1 . 8 x 1 0 4 9 . 7 5 1 1 . 7 8
T a b le  3.7.1 • Exciton shift a s  a  function of electric field for layer CB 2
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Reference Number Well Width Applied Electric Magnitude of
of Wells ( A)  Voltage (V) Field(V/cm) Shift(meV)
W h ite h e a d 7 5 4 7 1 2 1 .5 x 1 0 5 9 .8 7
1 9 8 8 1 6 2 .0 x 1 0 5 1 6 .4 5
2 0 2 .5 x 1 0 s 2 3 .5 5
6 0 8 7 4 4 .5 3 x 1 0 4 4 .4 2
8 9 .0 0 x 1 0 4 1 3 .5
1 2 1 .3 5 x 1 0 s 2 8 .4
4 5 1 4 7 2 2 .1 4 x 1 0 4 6 .5 9
4 4 .3 0 x 1 0 4 8 . 8 8
M il le r 5 0 9 5 4 4 .1 2 x 1 0 4 4 .7
1 9 8 5 6 6 .1 8 x 1 0 4 8 .9
Hsu 2 0 0 9 4 5 1 .3 3 x 1 0 4 1 .5 1
1 9 8 8 1 0 2 .6 6 x 1 0 4 3 .2
1 5 4 .0 0 x 1 0 4 5 .3
2 0 5 .3 2 x 1 0 4 7 .6 9
Table 3.7.2 M a g n itu d e  of e x c ito n  sh ift o f v a r io u s  w ell w id th s  from  







Electric field (x10 V/m)
Figure 3.7.1
1 2- i
C om parison  of th e  experim ental shift of the  exciton p e a k  an d  th e  
theo re tica l shift ob ta ined  using equation  2 .49  for layer CB 2
Electric field 5.5 x 10 V/cm
95 147
Well width (A)
F i g u r e  3 .7 .2  M agnitude of th e  shift o f th e  exciton p e a k  for v a rio u s  well w id ths 
from  th e  literatu re  a t  an  e lec tric  field  of 5 .5  x 104 V /cm
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3.8 Contrast ratio results for CB 2
T h e  o p tica l c o n tra s t  ratio is simply the  ratio of th e  tran sm itted  in tensity  a t  z e ro  
b ia s  to  th e  in ten s ity  of th e  signal u n d er rev e rse  b ia s  co n d itio n s. T h is c a n  b e  
e x p re s s e d  a s  e ith er a  sim ple ratio or quoted  in dB:
CONTRAST RATIO = 10 LOG [ TRANSMISSION RATIO ] dB 3 . 2
O n e  o f th e  m ain  a im s h e re  w as  to im prove upon th e  c o n tra s t ratio  p rev io u sly  
a c h ie v e d  with e lec tro ab so rp tio n  m odulators o p era ted  in this m ode, an d  T ab le  3 .8. 2  
s u m m a r is e s  a  se lec tio n  of co n trast ratios from the  literature. In o rd e r to do  th is the  
in te rac tio n  leng th  of th e  light in the  m odulating region w as d es ig n ed  to b e  high. This 
w a s  a c h ie v e d  by using 200 wells. The unfortunate co n seq u en ce  of this, s in ce
is th a t  if th e  in teraction  length (d) is increased  to obtain the  n e c e s sa ry  e lec tric  field 
(F) fo r a  su ffic ien t S ta rk  shift, then  the applied vo ltage (V) m ust a lso  b e  in c re a se d . 
A d o u b le  p en a lty  is incurred  in this c a s e  since  narrow  wells hav e  b e e n  u se d  which 
re q u ire  a  h ig h e r e lec tric  field than  w ider wells to obtain a  sim ilar shift. T h e  u s e  of 
n a r ro w e r  w e lls  sh o u ld  h ow ever m aintain  a  large en o u g h  o v e rla p  b e tw e e n  th e  
e le c tro n  a n d  ho le  w avefunctions at h igher fields to provide a  d ev ice  with a  g o o d  
o p tica l c o n tra s t .
T a b le  3 .8 .1  s u m m a rise s  th e  m axim um  optical co n tra s t ratio for v a rio u s  v a lu e s  of 
e le c tr ic  field a n d  th e  w aveleng th  a t which they  w ere ob ta in ed , for layer CB 2. T h e  
m ax im u m  c o n tra s t  ratio  (8 .95  dB) w as  a t a  w aveleng th  of 8 3 7 .5  nm for a  drive 
v o lta g e  of -25  V ( 11 .8 x 1 04 V/cm). T he co n trast ratio a s  a  function of w av e len g th














2 0 0 6 2 8 3 4 0 5 2 .8 5 x 1 0 4 1 . 1 4
8 3 4 4 1 0 5 .0 8 x 1 0 4 4 . 0 6
8 3 5 6 1 5 7 .3 2 x 1 0 4 6 . 9
8 3 6 7 2 0 9 .5 5 x 1 0 4 8 . 2 6
8 3 7 5 2 5 1 1 . 8 x 1 0 4 8 . 9 5
8 3 8 3 3 0 1 4 .0 x 1 0 4 8 . 4 2
T a b l e  3 .8 .1  C o n trast ratios of the e lectroabsorp tion  m ultiple q u an tu m  well 
m odulator fabricated  a s  outlined in Section  3.3















820  825  830  835  8 4 0  8 4 5  8 5 0
W a v e l e n g t h  ( n m )
F ig u r e  3 .8 .1  V ariation of th e  c o n tra s t ratio with w av e len g th  b e tw e e n  an  
app lied  b ias  of -25 V an d  0 V
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T h e  m ax im u m  c o n tra s t  ratio , opera ting  w avelength  an d  drive v o lta g e s  for a  few  
m o d u la to rs  of sim ilar d es ig n  but with varying w aveleng ths o b ta in ed  in re c e n t y e a rs  
a re  g iv en  in T ab le  3 .8 .2 . According to this table the  b e s t ratio o b ta in ed  with this type  
o f d e v ic e  in G aA s/A IG aA s w a s  10  dB a t an  elec tric  field of 5 .3 2  x 1 0 4 V /cm . 
[ H su  1 9 8 8  ] T h is d ev ice  a lso  em ployed  the  techn ique of increasin g  th e  in terac tion  
len g th  o f th e  light in th e  m odulating region by using 200 w ells. In th is c a s e  a  m uch 
h ig h e r  a b s o rp tio n  w a s  o b ta in ed  a s  th e  wells w ere  94  A w ide. Sim ilarly  a  low er 
e le c tr ic  fie ld  w a s  req u ired , d u e  to the  width of the  w ells, bu t s in c e  th e  in trinsic  
re g io n  w a s  so  w ide th is  requ ired  an  applied  vo ltage  of -20 V. T h e  o th e r  re su lts  
q u o te d  in th is  tab le  do not ach ieve  th e  sam e  optical co n tras t a s  m uch sm alle r total 













W h iteh ead 7 5 4 7 1 6 2 .0 x 1 0 5 1 . 7 6 81 6 7
1 9 8 8 2 0 2 .5 x 1 0 5 2 . 8 8 2 8 9
6 0 8 7 8 9 .0 0 x 1 0 4 2 . 0 8 5 6 5
1 2 1 .3 5 x 1 0 s 3 . 4 8 4 7 3
4 5 1 4 7 4 4 .3 0 x 1 0 4 0 . 7 8 8 7 1  1
8 8 .6 0 x 1  0 4 2 . 5 0 8 6 1 8
M i l l e r 5 0 9 5 4 4 .1 2 x 1 0 4 3 . 0 8 5 4 8
1 9 8 5 6 6 .1 8 x 1 0 4 4 8 5 7 8
Hsu 2 0 0 9 4 1 5 4 .0 0 x 1 0 4 7 . 1 6 8 5 1 0
1 9 8 8 2  0 5 . 3 2 x 1  0 4 1 0 8 5 1 0
T a b l e  3 .8 . 2  C o n tra s t ra tios for sim ilar multiple quan tu m  well m o d u la to rs  
from  th e  literatu re
87
3.9 Insertion loss of CB 2
T h e  in sertion  lo ss  of a  m odulator device is a  m easu re  of th e  am oun t of light which is 
lo s t a n d  c o n s is ts  of abso rp tion  an d  reflection lo sse s  : in sy s te m s  app lica tio n s it is 
vital to  h a v e  low insertion  lo sse s . T he insertion loss is defined a s
INSERTION LOSS = 10 LOG [ 100 /  HIGHER TRANSMISSION ] 3  . 4
w h e re  th e  tra n sm iss io n  is a  p e rc e n ta g e  of th e  total am oun t of light incident on  the  
d e v ic e . T h e  in sertion  lo s s e s  w ere  m ea su re d  h ere  for th e  dev ice  a lo n e . T he  lo s s e s  
a s s o c ia te d  with th e  sy s tem  w ere elim inated by recording th e  optical pow er sp ec tru m  
of th e  s y s te m  using  a  g la s s  slide in stead  of a  m odulator device, a s  outlined in Section  
3 .4 . T h e  p o w er reco rd ed  a t th e  ou tput d e tec to r with the g la ss  slide in th e  se t-u p  w a s  
th e n  ta k e n  a s  th e  input pow er to th e  device. A similar recording with th e  m odulato r 
in p la c e  w a s  ta k e n  a t th e  ou tpu t d e tec to r to determ ine the insertion lo ss of the  device.
F igu re  3.9 .1  sh o w s  th e  insertion loss of the  m odulator a s  a  function of w aveleng th . 
At th e  positio n  of m axim um  optical co n trast, 837 .5  nm th e  insertion lo ss  w a s  found 
to  b e  4 .9  dB . It is difficult to co m p are  this figure with th o se  q u o ted  in th e  literature  
s in c e  o ften  th e  m e a su re m e n ts  can  include the  total system  lo sse s , o r a re  ad ju s te d  to 
a c c o u n t for th e  reflection  lo s se s  a sso c ia te d  with the  in terfaces of th e  dev ice . O ne  of 
th e  a p p ro a c h e s  to  reducing  th e  insertion lo s se s  is to u se  anti-reflection c o a tin g s  on 
th e  d e v ic e  . T h is  w a s  not a ttem p ted  a s  part of th is work bu t could  b e  inc luded  in 
fu tu re  w ork  a ris in g  from  th is project. Approxim ately 3 dB of th e  insertion  lo ss  ca n  
b e  a sc r ib e d  to  F re sn e l reflection lo sse s , so  th e  u se  of A.R. coating  w ould red u c e  th e  
in se rtio n  lo s s  to  1 .9  dB .
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Operating wavelength for maximum optical contrast
n— i— i— r
8 1 0  8 1 5  8 2 0  82 5  83 0  8 3 5  8 4 0  8 4 5  850
W avelength (nm)
F ig u re  3 .9 .1  In se rtio n  lo ss  of the  m odulator dev ice  fab rica ted  from layer CB 2
3 .1 0  S p e e d  o f  t h e  d e v ic e
T h e  s p e e d  of e lec tro ab so rp tio n  m odulators can  be m easu red  in m any w ays. W ood et 
al ( 1 9 8 5 )  a s s e s s e d  th e  s p e e d  by m easu ring  the  m odulator im pulse re sp o n se . The 
d e v ic e  w a s  d riv e n  by  122 p s  e lec trical p u lse s  b e tw een  0 .5  V and  -8.5 V. At the  
op tical o u tp u t of th e  d e v ice  a  fa st Si p-i-n  pho tod iode  d e te c te d  the  re sp o n se  of the 
m odu la to r. By a  p ro c e s s  of deconvolution the  actual sp e e d  of this device w as found to 
b e  131 p s .
T he  limit of th e  s p e e d  of Q C S E  dev ices h as  not yet been  reached  and is thought to be 
d o m in a te d  by th e  RC tim e co n s ta n t [ W ood 1988 ] which is the  time it tak es  to charge  
the  c a p a c ito r  of th e  d io d e . T hus th e se  dev ices can  have improved sp e e d s  of operation if 
th e  c a p a c i ta n c e  is k e p t low by fabricating  sm all a re a  d e v ic e s  with w ider intrinsic 
reg io n s, s e e  eq u a tio n  3 .5 .
T he  s p e e d  of th e  e lec tro ab so rp tio n  m odulator fabricated a s  part of this work can  be 
ca lcu la ted  th eo re tica lly  by considering  the capac itance  of the  device.
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T h e  c a lc u la te d  c a p a c ita n c e  of th e  d e v ic e  a lo n e  w a s  found  to  b e  0 .4 5  p F  w hich 
c o r r e s p o n d s  to  an  RC tim e c o n s ta n t of 2 2  p s , w h en  a  50Q  re s is to r  is u s e d . T h is 
e q u a tio n  d o e s  not ta k e  into co n sid era tio n  th e  c a p a c itan c e  a sso c ia te d  with th e  electrical 
c o n ta c ts  to th e  d ev ice . It is th e re fo re  e x p e c te d  th a t it would o p e ra te  slow er th a n  th is 
e s tim a tio n  b u t by red u c in g  th e  s iz e  of th e  d e v ic e  still fa s te r  o p e ra tio n  co u ld  b e  
a ch iev ed .
3.11 Calculation of the absorption coefficient
It is p o s s ib le  to  o b ta in  a  v a lu e  for th e  a b so rp tio n  c o e ffic ien t by u s in g  th e
tra n sm iss io n  d a ta  in S ection  3 .5 . This can  be  ca lcu la ted  using th e  eq ua tion
I .  ( l - R ) 2
1 o e“ d- R 2e - “d 3- 6
4  is th e  tran sm itted  light in tensity  th ro u g h  th e  sa m p le  
l0  is th e  inciden t light in tensity  
R is th e  reflection coefficient e s tim a ted  to  b e  0 .3  
a  is th e  abso rp tio n  coefficient 
d  is th e  th ick n ess  of th e  absorb ing  region
A c o m p u te r  p ro g ram  w a s  w ritten to so lve  th is eq u a tio n  to o b ta in  a lp h a , by finding 
th e  ro o ts  of th e  re su ltin g  q u a d ra tic  eq u a tio n . U sing th is  p ro g ram  th e  a b so rp tio n  
coeffic ien t a s  a  function of w aveleng th  for e a c h  of th e  app lied  v o lta g e s  w a s  o b ta in ed . 
F igu re  3 .11 .1  p re s e n ts  th e  abso rp tion  coefficient for both th e  z e ro  b ia s  condition an d  
th e  o p e ra tin g  v o lta g e  -25 V.
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810 820 830 840 850
W avelength (nm)
F ig u r e  3 .1 1 .1  A bsorp tion  coeffic ien t a s  a  function of w av e len g th  for 0 a n d  -25  V
At th e  ex c ito n  p e a k  a t a  w av e len g th  of 832  nm th e  c h a n g e  in th e  a b so rp tio n  
c o e ff ic ie n t, A a , b e tw e e n  th e  two sp e c tra  is 13611 c m '1. T h e  o p era tin g  w av e len g th  
is c h o s e n  to  b e  8 3 7  nm w h ere  th e  m axim um  c h a n g e  in ab so rp tio n  is found  to b e  
1 6 5 7 9  c m ' 1 ( s e e  F igu re  3 .1 1 .2 ) . T h is v a lu e  is m uch  g re a te r  th a n  fo u n d  with 
d e v ic e s  em ploy ing  bulk G aA s (2 8 0 c m '1). For o th e r G aA s/A IG aA s m o du la to rs v a lu e s  
o f A a  o f 1 5 0 0 0  c m ' 1 h av e  b e e n  o b se rv e d . [W o o d  1 9 8 5 ]  From  W ood  [ 1 9 8 8 ]  
th e  c o n tra s t  ratio  for th is type of dev ice  is defined a s
R= exp(A aL ) 3 . 7
T h e re fo re  with th e  in teraction  length  L in th is c a s e  eq u a l to 1 .42  pm  th e  c o n tra s t  
ra tio , a t  8 3 7  nm , is 7 .8 :1 , a s  p rev io u sly  d e te rm in e d  from  th e  t r a n s m is s io n  
r e s u l t s .
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F i g u r e  3 .1 1 .2  T he c h a n g e  in the  absorp tion  coefficient b e tw e e n  0  a n d  -25 V 
app lied  b ia s  to CB 2
3.12 Discussion and conclusion
T h e  fab rica tion  of a  s in g le  e lec tro ab so rp tio n  m odula to r w a s  su c c e ss fu lly  c o m p le te d  
u sing  th e  G aA s/A IG aA s quan tu m  well sy s tem . T he intrinsic reg ion  of th is d ev ice  w a s  
c o n fig u re d  from  2 0 0  x 62  A w ells an d  50  A b a rrie rs , giving a  to ta l th ic k n e s s  of 
2 .2 4  jim  to p rov ide  high c o n tra s t ra tios. T he linewidth of th e  th e  h eav y  ho le  exciton  
p e a k  w a s  not significantly d isto rted  by th e  large n um ber of q u an tu m  w ells, th is be ing  
8 .9  m eV  a t room  te m p e ra tu re .
A fter th e  ev ap o ra tio n  an d  testing  of ohm ic c o n ta c ts  th e  yield of d e v ic e s  with a  la rg e r 
re v e r s e  b reak d o w n  th an  -30  V w a s  high, in th e  region of 85% , with th e  m e sa -in g  
p ro c e s s  to  iso la te  th e  d ev ice  after th e  ev apo ra tion  of th e  m e ta ls  be ing  th e  m o st vital 
s te p  in ach iev in g  a  high yield of d e v ic e s . T h e  fab rica tio n  of th e s e  tra n sm is s io n  
m o d u la to rs  req u ired  th a t th e  su b s tra te  b e  rem oved . This p ro c e s s  w a s  c a rr ie d  o u t by 
using  a  com bination  of w et e tch an ts  and  in the  d esig n  of th e  lay ers  AIGaAs g ra d e d  from 
3 0 %  to  5 0 %  alum inium  w a s  u se d  to p ro tec t th e  o th e r  ep itax ia l la y e rs  from  th e s e  
e tc h a n ts . T h e  final d ev ice  w as  m ounted  on a  tra n sp a re n t g la s s  su b s tra te  for su p p o rt.
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An a u to m a te d  c o m p u te r  sy s tem  w as  s e t-u p  a n d  u se d  to a s s e s s  th e  tra n sm iss io n  
c h a ra c te r is t ic s  of th e  m odu la to r. T his c o n s is te d  of a  w hite  light s o u rc e  c o u p le d  
th ro u g h  a  m o nochrom ato r an d  into the  dev ice. D ata w ere  co llec ted  using  a  g erm an iu m  
d e te c to r , th e  s igna l w a s  am plified in a  lock-in am plifier a n d  su b se q u e n tly  a n a ly s e d  
u sin g  th e  co m p u te r , w h ere  it w a s  a lso  n e c e s s a ry  to n o rm alise  th e  d a ta  to  e lim ina te  
th e  sy s te m  re sp o n se .
From  th e s e  re su lts  a t z e ro  b ia s  th e  h eavy  hole exciton  p e a k  w a s  fo u n d  to  b e  a t 
8 3 2  nm  w hich  w a s  c o n s is te n t with theo re tica lly  c a lc u la te d  re su lts . T h e re  w a s  no 
s ig n ifican t S ta rk  shift on th e  application  of an  e lec tric  field until th e  field in d u ced  in 
th e  d e v ic e  w a s  g re a te r  th an  5 x 104 V/cm. At fields h ig h er th a n  th is  th e  sh ift w a s  
q u a d r a t ic  w ith fie ld  a s  e x p e c te d . T h e  th e o re tic a lly  c a lc u la te d  sh ift a n d  th a t  
ex p erim en ta lly  o b se rv e d  w ere  in good  a g re e m e n t a t low er e lec tric  fields bu t a b o v e  an  
e le c tr ic  field of 8  x 104 V/cm th e  experim en ta lly  o b s e rv e d  sh ift w a s  sligh tly  le s s  
th a n  th a t c a lcu la ted  using equation  2.49.
T h e  in se rtio n  lo ss  of th e  dev ice  w a s  4 .9  dB a t th e  w av e len g th  of o p e ra tio n . T his 
c o u ld  b e  re d u c e d  to  a ro u n d  1 .9  dB  if th e  d e v ic e  w a s  a n ti- re f le c tio n  c o a te d . 
T heore tically  it is though t th a t the  device is c a p a b le  of opera ting  a t  a  s p e e d  of 2 2  p s  a  
v a lu e  w h ich  co u ld  b e  im p ro v ed  u p o n  by fab rica tin g  d e v ic e s  w ith a  s m a lle r  
e lec trica lly  ac tiv e  a re a .
A m ain  aim  of th e  d e s ig n  w a s  to  a c h ie v e  high op tical c o n tra s t .  T h e  m axim um  
c o n tra s t  ratio  o b ta in e d  w as  8 .95  dB for a  drive vo ltag e  of -25  V. T h e  u s e  of n arrow  
w ells , w hich  re su lte d  in th e  exciton  persis tin g  e v e n  a t high e lec tric  fie lds, a n d  th e  
la rg e  a m o u n t of ab so rb in g  m ateria l in th e  intrinsic reg ion  b o th  c o n tr ib u te d  to  th is  
re la tiv e ly  h igh v a lu e  for th is  ty p e  of m o d u la to r. T h e  m ax im um  c h a n g e  in th e  
a b so rp tio n  coeffic ien t w a s  found  to b e  16579 cm ' 1 a t a  w av e len g th  of 8 3 7  nm  for a  
d rive  v o lta g e  of -25  V.
O n e  p ro b lem  with th is d ev ice  is th e  high drive v o ltag e  req u ired  to  o b ta in  th e  b e s t  
p e r fo rm a n c e . F or inco rp o ra tio n  in s y s te m s  p re se n tly  in u s e  it is b e tte r  to  h a v e  
d e v ic e s  w hich a re  com p atib le  with TTL drive v o lta g e s  for e x am p le . O n e  so lu tion  to  
th is  is to  c h a n g e  th e  layer d esig n . This ap p ro ach  is tak en  in C h a p te r  5  w h ere  co u p led  
w ell s t ru c tu re s  a re  in v es tig a ted . B efore investiga ting  o th e r  d e s ig n s  of m o d u la to rs  
iso la te d  well d e v ic e s  of th e  type d isc u sse d  in this C h ap te r  w ere  con fig u red  into a  4  x 
4  a rra y  to form  a  spa tia l light m odulator, a s  now  d isc u s se d  in C h a p te r  4 .
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C h a p t e r  F o u r  
S p a t i a l  L i g h t  M o d u l a t o r
Introduction
One of the devices lacking in the field of optoelectronics and hindering the progress 
towards the optical computer is the Spatial Light Modulator [ Feitelson 1988 ] This 
is a device that is capable of modulating the cross section of a beam.
In an attempt to obtain fast SLM's which can be both electrically and optically 
addressed, the QCSE is exploited. Having successfully fabricated single 
electroabsorption modulators in the multiple quantum well layer CB 2, an array of 
such devices was fabricated.
As will be outlined in this chapter, this required changes to the fabrication process 
used for the single modulators. The fabrication and results obtained for the SLM are 
presented and discussed later in this chapter but the initial discussion is concerned 
with the device applications.
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4.1 Spatial light modulator
A sp a tia l light m odu la to r (SLM) is a  d ev ice  th a t in s o m e  w ay  m o d u la te s  a  c ro s s  
s e c tio n  of a  b e a m  of light. A v e ry  s im p le  e x a m p le  of th is  is a  p h o to g ra p h ic  
t r a n s p a re n c y . [ F e ite lso n  ] A fter p a s s in g  th ro u g h  a  tr a n s p a re n c y , d iffe ren t a r e a s  
in th e  b e a m 's  c ro s s  sec tio n  h a v e  d iffe ren t in te n s itie s , th u s  th e  b e a m  h a s  b e e n  
m o d u la ted . V arious app lica tions a re  p o ssib le  using th is dev ice .
4.2 Applications of spatial light modulators
T o d a te  th e  m ain u se  of SLM 's h a s  b een  for th e  d isplaying of large te lev ision  im a g e s  
a n d  th u s  th e  re fre sh  ra te  req u ired  is slow , typically 30  Hz. A pp lica tio n s in o p tica l 
c o m p u tin g  req u ire  m uch  fa s te r  d e v ic e s  an d  th e  SLM is re q u ire d  in a  n u m b e r  of 
c rucia l ro les. For ex am p le , th e  conversion  of an  in co h eren t im ag e  into a  c o h e re n t o n e  
re q u ire s  th e  u s e  of an  input tra n sd u c e r  w h ere  th e  in tensity  of th e  inpu t im ag e  is 
a n a ly se d  a n d  u se d  a s  an  SLM, which m odula tes a  co h e re n t b e a m  of light. T hey  c an  a lso  
b e  u s e d  a s  sp a tia l f ilte rs , w hich  e lim in a te  th e  t r a n s m is s io n  of h ig h e r  o rd e r  
d iffrac tio n  ra d ia tio n  w ithin an  o p tica l s y s te m , o r  fo r tw o d im e n s io n a l  F o u rie r  
T ra n sfo rm  op tica l p ro c e ss in g , i.e . for im ag e  p ro c e s s in g  o r c o n tra s t  e n h a n c e m e n t .  
O th e r  p o ten tia l ap p lica tio n s include sp ec tru m  a n a ly s e rs  for p a tte rn  reco g n itio n  a n d  
a n a lo g  s igna l p ro cess in g . T he m ost im m ediate  application  of th e  d e v ice  d e s ig n e d  an d  
te s te d  h e re  is for th e  routing of op tical s ig n a ls  in a  co m m u n ic a tio n s  s y s te m . T h e  
a rra y  of e le m e n ts , e a c h  e le m e n t eq u iv a len t to o n e  of th e  s in g le  d e v ic e s  a lre a d y  
a s s e s s e d ,  c a n  b e  cou p led  to a  bundle  of fibres for th is p u rp o se . Modifying th e  d e s ig n  
of th e  d e v ic e  a llow s th e  possib ility  of th e  o th e r  a p p lic a tio n s  w hich  h a v e  b e e n  
d isc u sse d .
S y s te m s  w hich utilize op tical fib res a n d  sem ico n d u c to r la s e rs , req u ire  SL M 's a n d  
l a s e r s  w hich  w ork  a t th e  s a m e  w a v e le n g th . S e m ic o n d u c to r  d e v ic e s  h a v e  th e  
a d v a n ta g e s  of p o ten tia l for in tegration  an d  in h e ren t s p e e d . In p a rticu la r in teg ra tio n  
of Q C S E  m o d u la to rs  into an  SLM array  is feasib le . B efore th e  d e s ig n  of th e  a rray  of 
m o d u la to rs  is d is c u s s e d , a  lite ra tu re  rev iew  of re c e n t SL M 's is p r e s e n te d . T h e s e  
d e v ic e s  a re  fab rica ted  within a  n um ber of d ifferen t m ateria l s y s te m s  d e p e n d in g  on  
th e  app lica tion  an d  type  of m odulation which is requ ired .
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4.3 Literature review : The spatial light modulator
P re se n tly , SL M 's for u s e  in c o h e re n t op tica l s ig n a l p ro c e s s in g  a n d  la rg e  s c re e n  
p ro jec tio n  d isp la y s  a re  availab le  from m an u fa c tu re rs  su c h  a s  M arconi. T h e s e  u s e  a  
s ilicon  vidicon m icrod iode a rray  a s  a  p h o to co n d u ctin g  layer, a n d  a  d ie lec tric  m irror 
p ro v id e s  o p tica l iso la tion  b e tw e e n  th e  p h o to c o n d u c to r  la y e r  a n d  a  liquid c ry s ta l 
la y e r. T h e  re a d  b e a m  p a s s e s  th ro u g h  th e  liquid c ry s ta l a n d  is re f le c te d  by  th e  
d ie lec tr ic  m irror. T h is c a n  th en  b e  spatia lly  m o d u la ted  by a  w rite b e a m  in c id en t on  
th e  p h o to co n d u c to r. T his ty p e  of d ev ice  is c a p a b le  of o p e ra tin g  with a  r ise  tim e  of 
2 5  m s  a n d  a  fall tim e of 35  m s.
SL M 's b a s e d  on  a  liquid crysta l television have  a lso  b e e n  u n d e r investiga tion  for u se  
in o p tic a l d a ta  p ro c e s s in g . [M o k  1 9 8 6 ] .  T h e s e  c a n  b e  b o th  e le c tr ic a lly  a n d  
o p tica lly  a d d r e s s e d  bu t, b e c a u s e  of th ic k n e ss  v a ria tio n s  o v e r th e  a p e r tu re  of th e  
s c re e n  of th e  d ev ice s , the ir u se fu ln e ss  for c o h e re n t optical p ro c e ss in g  is lim ited. O n e  
d e v ic e  is a  5 .4  cm  x 4 .4  cm  s c re e n  c o n s is tin g  o f a  tw o d im e n s io n a l m o sa ic  of 
indiv idually  a d d re s s a b le  liquid c ry s ta l c e lls  co n ta in in g  90° n e m a tic  liquid c ry s ta ls  
s a n d w ic h e d  b e tw e e n  tw o g la s s  p la te s . T h e  p la te s  h a v e  h o riz o n ta l a n d  v e rtic a l 
t ra n s p a re n t  e le c tro d e s  on th e  inner su rfa c e s . Two linearly p o la rised  s h e e ts  a r e  g lu ed  
to  th e  o u te r  s u r fa c e s  of th e  g la s s  p la te s  with th e  p o la risa tio n  a x e s  p a ra lle l. W h en  
th e r e  is no  e le c tr ic  field th e  p la n e  of p o la risa tio n  for linearly  p o la r is e d  light is 
r o ta te d  th ro u g h  90° by th e  tw is te d  liquid c ry s ta l m o le c u le s  a n d  no  light is 
tra n sm itte d  th ro u g h  th e  s e c o n d  p o la rise r. In th e  p re s e n c e  of an  e le c tr ic  field  th e  
tw is t a n d  tilt of th e  liquid c ry s ta l is a lte re d  resu ltin g  in th e  tra n s m is s io n  of a  
co n tro llab le  a n d  v ariab le  fraction of th e  light. T he m ajor d ra w b a c k  of th is  d e v ic e  w a s  
p h a s e  non-uniform ity  d u e  to th e  p o o r quality  of th e  p o la r ise r  s h e e ts  a n d  w ork  is 
p ro g re s s in g  to  e lim inate  th is p rob lem .
In G aA s b a s e d  sy s te m s  th e  m o st p o p u la r ap p ro a c h  h a s  b e e n  th e  d e v e lo p m e n t of 
a r ra y s  of c h a rg e  co u p led  d e v ic e s . Early v e rs io n s  of th is d e v ic e  w e re  d e v e lo p e d  in 
bu lk  G aA s [K in g s to n  1982  a n d  1 9 8 4 ] . C h a rg e  c o u p le d  d e v ic e s  a r e  e s s e n tia l ly  
a n a lo g  sh ift re g is te rs . T h e  b a s ic  d e v ic e  c o n s is ts  of a  c lo se ly  s p a c e d  a r ra y  of 
e le c tro d e s  on  a  co n tin u o u s  in su la to r layer th a t c o v e rs  th e  se m ic o n d u c to r  s u b s tra te .  
T h e  e le c tro d e s  a re  all m ain tained  a t the  s a m e  potential e x cep t o n e  w hich is p la c e d  a t a  
h ig h e r p o ten tia l. H en ce  m aterial b e n e a th  th is e lec tro d e  is d e p le te d  m ore  th a n  b e n e a th
99
th e  o th e r  e le c tro d e s  an d  a  po ten tial well for minority c a rr ie rs  is fo rm ed  th e re . T h e s e  
c a r r ie rs  c a n  b e  c lo ck ed  a ro u n d  th e  a rray  by vary ing  th e  p o ten tia l of n e ig h b o u rin g  
e le c tro d e s . S in c e  G aA s h a s  a  high e lec tro n  mobility th e  tra n s it tim e s  c a n  b e  m a d e  
relatively  sm all in C C D 's a t low E-fields, h e n c e  ob ta in ing  high s p e e d  o p e ra tio n  with 
m inim um  p o w er d iss ip a tio n .
T h e  function of th e  CCD in an  SLM is to control th e  e lec tric  field in th e  C CD  c h a n n e l, 
th u s  m odifying th e  op tical a b so rp tio n . T he  b a s is  of o p e ra tio n  is th e  F ran z-K e ld y sh  
e ffec t, ou tlin ed  in C h a p te r  2 , w h ere  tran sm issio n  a t low er p h o to n  e n e rg ie s  th a n  th e  
b a n d g a p  bo th  th rough  an d  along th e  s tru c tu re  of th e  CC D  is co n tro lled  by th e  s igna l 
c h a r g e  in th e  w ells , th ro u g h  th e  c h a n g e  in th e  e le c tr ic  field  w ith c h a rg e .  T h e  
m odu la tio n  d ep th  o b ta in e d  for light p ro p ag a tio n  p e rp en d icu la r  to th e  M QW  s tru c tu re  
is only  1 0 - 2 0  % . T his h a s  b e e n  im proved to a  d ep th  a p p ro ach in g  100 %  by using  
a n  o p tica l w a v e g u id e  b e n e a th  th e  g a te  e le c tro d e s  for o n e -d im e n s io n a l o p e ra tio n . 
K in g sto n  [ 198 4  ] p re d ic ts  th a t  high s p e e d  o p e ra tio n  (a s  f a s t  a s  1 G H z) a n d  
e x c e l le n t  o p tica l un iform ity  b e c a u s e  of th e  s in g le  c ry s ta l  s t ru c tu re  u s e d  a r e  
p o s s ib le . To im prove upon th e  c o n tra s t ratio for two d im en sio n a l o p e ra tio n  a tten tio n  
tu rn e d  to  MQW sy s te m s .
A CCD  d ev ice  in G aA s / AIGaAs multiple quan tum  wells h a s  b e e n  d e v e lo p ed  by N ichols 
[ 1 9 8 8 ] .  H ere  th e  CCD  stru c tu re  w a s  u se d  to m o d u la te  th e  e lec tric  field a c r o s s  th e  
M QW . T h e  b a s is  of o p era tio n  is th e  Q C S E  w hich is fundam en ta lly  fa s t, a s  ou tlined  in 
C h a p te r  2 . T h e  C C D 's a re  c a p a b le  of high s p e e d  clocking , -G H z , with low p o w er 
c o n su m p tio n  an d  th e  c h a rg e  p a tte rn s  ca n  be  e s ta b lish e d  by clocking c h a rg e  into th e  
d e v ic e  from  an  e lectrical input, o r they  c an  b e  g e n e ra te d  directly  in e a c h  CCD  well by 
op tica l m e a n s . T he  la tter m ethod  is particularly fa st b e c a u s e  all of th e  CCD  w ells c a n  
b e  illum inated  s im u ltan eo u sly . A c o n tra s t ratio of 1 .45  : 1 w a s  o b ta in e d  a t  8 4 7  nm  
for an  input p u lse  of 10 V.
T h e  la ttic e -m a tch ed  InP /G alnA s m ateria l sy s te m  h a s  a lso  b e e n  u tilised  to  fa b ric a te  
a  tw o -d im e n s io n a l sp a tia l light m o d u la to r [ R e jm a n -G re e n e  1 9 8 8  ]. E a c h  e le m e n t 
in a  3  x 3  a rray  w a s  electrically  a c c e s s e d  by individually w ire bond in g  to  th e m  by 
m e a n s  of a  th e rm o co m p ressio n  tech n iq u e . M odulation d e p th s  w e re  no t q u o te d  bu t th e  
varia tion  of th e  abso rp tion  e d g e  a t ze ro  b ia s  w a s  g iven a s  4 nm  o v e r th e  w hole MBE
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g ro w n  a rra y .
A m o re  efficient m ethod  of electrically  a c c e s s in g  an  SLM m ay b e  to  a d d re s s  e a c h  
pixel individually. T h e  m ethod  p ro p o se d  to do  th a t is to  u s e  a  two d im en sio n a l a rray  
o f e le c tro d e s  a n d  th u s  specify  th e  pixel requ ired  to  b e  "on". T h is m ay  c a u s e  s o m e  
p ro b le m s a s  o th e r  e le m e n ts  in c lo se  proximity w ould a lso  b e  a ffec ted  by th e  e lec tric  
field  in d u c e d  in a  particu la r e lem en t. H ow ever a s  d e m o n s tra te d  by [ W ood  1 9 8 7  ] 
w h e n  a  2  x 2  a rray  of su ch  e le m e n ts  w ere  te s te d  th e  e lec tric  field in th e  n e a re s t  
n e ig h b o u rs  of th o se  a c c e s s e d  w as  found  to b e  200  tim es le s s  th an  th a t in th e  ac tiv e  
e le m e n t. B o n d s  w ere  fo rg ed  to individual e le m e n ts  in o rd e r  to  a c h ie v e  e le c tr ic a l 
a c c e s s  m aking  th e  d ev ice  un feasib le  for large a rray s. A c o n tra s t ratio of 1 .45  : 1 for 
a  drive v o ltag e  of 6 V w as o b ta ined  an d  the sp e e d  of opera tion  w a s  e s tim a te d  to b e  130 
p s .
4.4 Design and operation of the device
T h e  fa b r ic a tio n  of a  S p a tia l  L ight M o d u la to r w a s  b a s e d  o n  th e  s in g le  
e le c tro a b s o rp tio n  m o d u la to r in C h a p te r  3 . L ayer CB 2 w a s  fully c h a r a c te r is e d  
e s ta b lis h in g  its su itab ility  for u s e  in th e  SLM. T h u s  with th e  m a te ria l s y s te m , 
G aA s/A IG aA s, an d  m ode of operation , the Q C SE, of the  device se le c te d , th e  d esig n  of th e  
a rra y  w a s  u n d e rtak en .
T h e  m ain  objective of an  SLM is to be  ab le  to m odula te  a  c ro s s  sec tio n  of an  optical 
b e a m , th a t is a ffec t v a rious p a rts  of th e  b eam  differently. In o rd e r to do  th is an  a rray  
of e lec tro ab so rp tio n  m odulato rs can  b e  u sed , w h ere  e a c h  e le m e n t c a n  b e  individually 
a c c e s s e d ,  b o th  e le c tr ic a lly  a n d  o p tica lly . T h is  r e q u ire s  th e  e le m e n ts  to  b e  
e lec trica lly  iso la ted  from e a c h  o th e r which can  b e  a c h ie v e d  by ion im p lan ta tion  or, 
a s  in th is  c a s e ,  d ry -e tch in g . It is u n d esirab le  an d  ex trem e ly  difficult with p re s e n t  
b o n d in g  te c h n iq u e s ,  particu la rly  for la rg e r a r ra y s , to  e le c tr ic a lly  c o n ta c t  e a c h  
e le m e n t in th e  a rray  individually, th e re fo re  th e  u se  of a  line a d d re s s in g  sy s te m  w a s  
em ployed .
A 4  x 4 a r ra y  of e le c tro a b so rp tio n  m o d u la to rs  w a s  fa b r ic a te d  a s  o u tlin e d  in 
S e c tio n  4 .5 . T h e  e le m e n ts  w ere  iso la ted  from e a c h  o th e r  by a  d ry -e tch in g  p ro c e s s  
a n d  h e ld  in p la c e  by a  layer of polyim ide. T h e  polyim ide p e rfo rm s tw o fu n c tio n s: 
firs t to  p la n a r is e  th e  d ev ice  for th e  e v ap o ra tio n  of th e  to p  o h m ic  c o n ta c ts  a n d
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se c o n d ly  to  electrically  iso la te  th e  p  an d  n ohm ic c o n ta c ts  from e a c h  o th e r.
Tw o line a d d re ss in g  co n ta c ts  w ere  u se d  for th e  top  a n d  bottom  of th e  d ev ice . T h e s e  
w e re  o r ie n te d  90  to e a c h  o th e r form ing a  grid, th u s  individual e le m e n ts  co u ld  b e  
b ia s e d  a s  req u ired . T he  elec trical circuit of th e  SLM is sh o w n  in F igu re  4 .4 .1 . T h e  
d io d e s  a re  r e v e r s e  b ia s e d  for o p e ra tio n , a n d  from  th is  c ircu it it is p o s s ib le  to 
d e te rm in e  th e  effec t of a  v o ltage  app lied  to o n e  e lem en t on  th e  o th e r  e le m e n ts  in th e  
a r r a y .
0V xV xV xV
*





Anode r  Cathode
xV
xV
F ig u re  4.4.1 Electrical equivalent circuit of the  d iode  array
C o n s id e r  F igure  4.4.1 w h e re  in o rd e r to apply  a  re v e rs e  b ia s  to  th e  d io d e s  it is 
n e c e s s a r y  to  m ain ta in  th e  req u ired  p  line c o n ta c t a t a  low er p o ten tia l th a n  th e  n 
line c o n ta c t. T h u s to  se le c t e lem en t 9 th e  first top  left c o n ta c t is b ia s e d  a t 0  V. E ach  
o f th e  o th e r  p  lin es  a re  th e n  b ia s e d  with xV. S im ilarly  th e  n  line c o n ta c t  of 
e le m e n t 9 is b ia s e d  with 2 xV, while th e  o th e r  n  line c o n ta c ts  a r e  b ia s e d  with xV . 
T h e re fo re  w hile a  b ias  of 2xV is app lied  to e lem en t 9 all th e  o th e r e le m e n ts  a re  only 
b ia s e d  with e ith e r 0V or xV. This g ives a  minim um  ratio of 2:1 b e tw e e n  se le c te d  an d  
n o n -s e le c te d  e le m e n ts  w hich, for th e  opera ting  vo ltag e  of th e s e  d e v ic e s , p ro v id es  an  
a d e q u a te  op tical c o n tra s t ratio, a s  show n later in th is  ch a p te r .
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F ig u re  4 .4 .2  Diode array  with an  applied vo ltage to e lem en t 9
4.5 Fabrication of the spatial light modulator
T h e  fabrica tion  of th e  sp a tia l light m odulato r requ ired  m any  c h a n g e s  to  th e  p ro c e s s  
s te p s  fo llow ed for th a t of th e  sing le  m odulator b e c a u s e  th e  d es ig n  req u ired  th a t e a c h  
e le m e n t b e  e lec trically  iso la te d  from  th e  o th e rs . It w a s  e s s e n tia l  to  fa b r ic a te  th e  
d e v ic e  su c h  th a t a  sh o rt circuit could  not o ccu r b e tw een  th e  to p  a n d  bo ttom  ohm ic  
c o n ta c ts .  A su m m ary  of th e  fab rica tion  s te p s  c a n  b e  s e e n  in F igu re  4 .5 .1 , b u t a  
d e ta ile d  descrip tion  of ea c h  s te p  is p re se n te d  below.
4 .5 .1  D r y - e tc h in g  o f  t h e  SLM  e le m e n t s
T h e  first p a r t of th e  p ro c e s s , a s  befo re , w as to e n su re  th e  sa m p le  w a s  c le a n  using  
a c e to n e ,  m e th a n o l a n d  trich lo ro e th e ly n e . T he  m o d u la to r e le m e n ts  w e re  initially 
d e f in e d  u s in g  p h o to lith o g rap h y , an d  p illars w e re  fo rm ed  u sin g  d ry -e tc h in g . T h is  
a llo w ed  polyim ide to b e  pu t dow n an d  cu red  an d  avo ided  taking th e  s tru c tu re  to  high 
te m p e ra tu re s  la te r  in th e  p ro c e s s . T he resu lting  p illars a re  sh o w n  in P h o to g ra p h  
4 .1 .
F or th e  p ro c e s s  of defining th e  e le m e n ts  w et-etch ing  te c h n iq u e s  a re  u n su itab le , d u e  
to  lim itations including se lec tiv e  etch ing  of th e  crysta l p la n e s  a n d  u n d e rcu ttin g . For 
s m a lle r  e le m e n ts  th an  th o s e  d efin ed  h e re  u ndercu tting  co u ld  le a d  to  th e  c o m p le te
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rem oval of th e  top  layers. Also if shallow  etch  d e p th s  a re  n e e d e d  th en  it is difficult to 
con tro l w et-e tch in g  accu ra te ly . T h e  dry-e tch ing  m eth o d  u s e d  reac tiv e -io n  e tch in g  in 
an  a tm o sp h e re  of SiCI4 .
RIE u s e s  th e  k inetic  en e rg y  of an  inert g a s  ion to  physica lly  re m o v e  m a te ria l. 
[ G a A s s c h o o l  1 9 8 7 ]  A b eam  of ions is g e n e ra te d  in a  gu n  a s se m b ly  co n sis tin g  of a  
su itab le  e lec tro d e  an d  so u rc e  of inert g a s . T he sam p le  is p laced  on  a n  e le c tro d e  w hich 
o b ta in s  a  d c  b ia s  from th e  R .F . pow er u se d , an d  th is  b ia s  re su lts  in d irec tionality  of 
th e  e tch in g  of th e  sam p le . By varying the  g a s  p re s su re  a n d  th e  RF p o w er th e  e tch  ra te  
a n d  d irection  c a n  b e  contro lled . A com p le te  descrip tion  of th e  d ry -e tch ing  sy s te m  a n d  
te c h n iq u e  e m p lo y ed  is g iven  by T h o m s [ 1 9 8 6 ] .
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P h o t o g r a p h  4.1 The SLM e lem en ts  are defined using dry-etching tech n iq u es
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S u b s tra te
Figure 4.5.1.a Fabrication of a spatial light modulator
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Developing
S u b s tra te
♦
Evaporation of p-ohmic contacts |[
S u b s tra te
Figure 4.5.1.b Fabrication of a spatial light modulator
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Wet-etching : removal of GaAs substrate I
Transparent substrate for support
♦
Evaporation of n-ohmic contacts
Figure 4.5.1 .c Fabrication of a spatial light modulator
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Dry-etching for access to p-ohmic contact pads
p a  ^ pa Esa ssa a j pa rs
n
F ig u re  4.5.1 .d  Fabrication of a  spatial light m odulator
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T h e  u s e  of d ry -e tch ing  allow s g o o d  control of th e  e tch  d e p th  allow ing th e  n -o h m ic  
co n ta c t to  b e  ex p o se d  in the  e tch ed  a re a s .
E ach  e le m e n t w a s  100 pm  in d iam eter, a s  show n in F igure 4 .5 .2 . T h e re  w a s  a lso  an  
a r e a  of th e  crysta l w hich w a s  not rem oved  by etch ing , a s  sh o w n , w h e re  th e  p -o h m ic  
co n tac tin g  p a d s  w ere  to b e  p laced . If th e s e  a re  e v ap o ra ted  on to  th is reg ion  ra th e r  th an  
th e  po ly im ide a re a  it is e a s ie r  to  a c c e s s  them  a t th e  e n d  of th e  fab rica tion  p ro c e s s . 
A fter d ry -e tc h in g , th e  d e v ic e  w a s  c le a n e d  with a c e to n e  to  re m o v e  th e  r e s is t .  A 
polyim ide layer w a s  now  sp u n  onto  th e  dev ice, a s  show n in P h o to g rap h  4 .2  a n d  4 .3 .
F ig u re  4 .5 .2  Defining of the  SLM e lem en ts  by dry-etching
4 .5 .2  P h o t o s e n s i t i v e  p o ly im id e
T h e  u s e  of th e  polyim ide s tre n g th e n s  th e  d ev ice  in m any  w a y s . O riginally  it w a s  
u s e d  to  iso la te  th e  e le m e n ts  from e a c h  o th e r by p lanarising  th e  d e v ice  a n d  allow ing 
c o n ta c ts  to  b e  ev a p o ra te d  onto  it, while th e  m aterial b e tw een  e a c h  individual e le m e n t 
co u ld  th e n  b e  rem oved  to  electrically  iso la te  th e  e le m e n ts . T his it d o e s  su c c e ss fu lly  
b u t in th e  p ro c e s s  p rov ides a  s trong  skin which ho lds th e  e le m e n ts  in th e  a rray  w h en  
th e  s u b s tra te  is rem oved . It a lso  allow s th e  n-ohm ic c o n ta c t to  b e  iso la te d  from  th e  
to p  p -o h m ic  a s  it fills in th e  a re a  b e tw een  them , s e e  P h o to g rap h  4 .3 .
A n u m b e r  of p o ly im id es w e re  te s te d  for th is  p u rp o s e , w ith th e  u n d e s ira b le  
re m n a n ts  be ing  rem oved  by p lasm a  ash ing . This tech n iq u e  w a s  un re liab le  a s  a  skin of 
po ly im ide w a s  a lw ays left on  top  of th e  sam p le  a fte r th e  a sh in g  s te p , p rev en tin g  a
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g o o d  c o n ta c t to  th e  dev ice . If th is w a s  su ccessfu lly  rem o v ed  th e n , a f te r  th e  curing  
p r o c e s s ,  th e  po ly im ide w ould  sh rink  a n d  leav e  th e  d e v ic e  s u s c e p t ib le  to  sh o r t 
c ircu its  dow n th e  s id e  w alls of th e  e le m e n ts . A few  ty p e s  of liquid g la s s  w e re  a lso  
u n su c c e ss fu lly  em ployed  b e c a u s e  a  te ch n iq u e  to  rem o v e  th e  u n d e s ire d  a r e a s  of th e  
g la s s  cou ld  not b e  found. T h e se  p rob lem s w ere  o v erco m e by using  a  p h o to se n s itiv e  
p o ly im id e .
T h e  po ly im id e  e m p lo y e d  w a s  th e  H itachi p h o to s e n s i t iv e  p o ly im id e  p l-2 0 3 5 , 
to g e th e r  w ith H itachi pi 2 0 3 5  d e v e lo p e r . T h e  po ly im ide w a s  u s e d  a s  a  n o rm al 
n e g a tiv e  p h o to re s is t. T h e  polyim ide a d h e re s  well to  th e  e tc h e d  s u r fa c e  a n d , e v e n  
th o u g h  it d o e s  sh rink  slightly on curing , still c o a ts  th e  s id e  w alls  well e n o u g h  to 
avo id  any  p rob lem s. A doub le  precaution  w as taken  by design ing  m a sk s  w hich e n a b le d  
a  'lip' to  b e  left o v e r th e  top  of th e  e tc h e d  pillar to  c o m p e n s a te d  for th e  sh rink ing  
p ro c e s s .(P h o to g ra p h  4 .4 )
T h e  polyim ide w a s  app lied  by spinning a t a  s p e e d  of 4 0 0 0  rev o lu tio n s p e r  m inu te  
provid ing  a  layer of 4 .2  p.m. This th ick n ess  filled th e  e tc h e d  reg ion  of th e  d e v ic e , a s  
sh o w n  in F igure 4 .5 .3 .
/  o o o
/ 0 9 9 Oo o o o
0  0  9  9
F ig u re  4 .5 .3  A layer of polyimide is spu n  onto  th e  dev ice
A fter a  sh o r t b a k e , 90  se c o n d s , in an  o v en  a t a  te m p e ra tu re  of 9 0 °C , th e  s e m i­
c u re d  polyim ide w a s  e x p o se d  to ultra violet light v ia  a  p h o to lith o g rap h y  m a sk  for 4  
s e c o n d s . T h e  next s te p  w as to develop  the sam p le  in d ev e lo p e r for 30  s e c o n d s  a n d  spin  
it off, fo llow ed by a  fu rther 40  se c o n d s  d eve lop ing  a n d  a  final 6 s e c o n d s  rin se  in 
e th a n o l. T h e s e  tim es  a re  not crucial s in c e  th e  polyim ide is a  n e g a tiv e  re s is t  a n d
110
P h o t o g r a p h  4 .3  The polyimide covers  the e lem en ts  an d  fills the  a r e a  
between each
P h o t o g r a p h  4. 4 The polyimide is ex p o sed  to UV radiation an d  d eve loped
n e g a tiv e  re s is ts  a re  no t sen s itiv e  to o v e r dev e lo p in g . A s sh o w n  in F igure  4 .5 .4  th e  
a r e a s  left w ithout polyim ide w ere  th e  top  of th e  e le m e n ts  a n d  th e  s id e  a r e a  w h e re  th e  
p -o h m ic  con tac tin g  p a d s  w ere  su b seq u en tly  e v a p o ra te d .
F ig u re  4 .5 .4  T he polyimide is ex p o sed  an d  d ev e lo p ed
A fo u r s t a g e  cu rin g  p ro c e s s  to o k  p la c e  in a  p ro g ra m m a b le  o v e n . T h e  first 
te m p e ra tu re  w a s  100°C  for a  period  of 30  m in u tes  follow ed by s u c c e s s iv e  in c re a s e s  
in te m p e ra tu re  to 200°C  ( 1 h r ), 250°C  ( 0 .5 h r  ) a n d , finally, 3 5 0 °C  ( 0 .5 h r  ). 
E x ac t tim e s  did no t a p p e a r  to b e  critical bu t th e  d ev ice  h a d  to  b e  ta k e n  to  a  final 
te m p e ra tu re  of 350°C  to cu re  th e  polyim ide fully. T he  sa m p le  w a s  th e n  co o led  o v e r a  
p e rio d  of 3 0  m in u te s  in p rep a ra tio n  for th e  p h o to lithog raphy  to d e fin e  th e  p -o h m ic  
c o n ta c t lines.
4 .5 .3  p - o h m i c  c o n t a c t s
A lift off p ro c e s s  is u se d  to d e fin e  th e  p -o h m ic  c o n ta c ts .  T h e  on ly  d if fe re n c e s  
b e tw e e n  th e  form ing of th e s e  a n d  th o s e  for th e  s in g le  e le m e n t w a s  th a t  lo n g e r 
e x p o s u re  a n d  d ev e lo p in g  tim es w ere  req u ired  to  a c c o u n t for th e  r e d u c e d  sa m p le  
reflectiv ity  re su ltin g  from  th e  po ly im ide layer. T h e s e  tim e s  w e re  fo u n d  to  b e  10 
s e c o n d s  a n d  75 s e c o n d s  respective ly , with th e  resulting  p a tte rn  sh o w n  in P h o to g rap h
4 .5 . A gain th e  ch lo ro b e n z e n e  so a k  tech n iq u e  w a s  u tilised to  help  th e  lift-off p ro c e s s . 
T h e  s a m e  m e ta ls  a n d  th ic k n e s s e s  u tilised  p rev iously  (S ec tio n  3 .3 ) , w e re  u s e d  to  
form  th e  p -o h m ic s . T h e  resu ltin g  line a d d re s s in g  c o n ta c ts  a r e  sh o w n  in F ig u re
4 .5 .5 .
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Figure 4.5.5 Top p-ohmic contacts of the SLM (see also Photograph 4.6)
4 .5 .4  C h e m ic a l  w e t - e t c h i n g
A fter m ounting  th e  d ev ice  on a  g la s s  slide with index m atch ing  epoxy , th e  su b s tra te  
w a s  com p le te ly  rem o v ed  using th e  se lec tiv e  w et-e tch  te c h n iq u e  d e sc r ib e d  in S ec tio n
3 .3 .5 .
T h is  tim e it w a s  m uch e a s ie r  to d e te rm in e  th a t th e  e tch  h a d  re a c h e d  th e  ep itax ia l 
la y e rs  a s  th e  p illa rs  h a d  b e e n  e tc h e d  co m p le te ly  th ro u g h  th e  ep itax ia l la y e rs . 
T h e re fo re , on  reach in g  th e  b a c k  e tch  s to p  layer th e  e le m e n ts  b e c a m e  v is ib le , a s  
sh o w n  in F igure 4 .5 .6 . T he  polyim ide is inert an d  w a s  not a ffec ted  by th e  e tch .
F ig u r e  4 .5 .6  T h e  s u b s t r a te  o f th e  c ry s ta l  is re m o v e d  to  re v e a l  th e  
m odulator e lem en ts
4 .5 .5  / i - o h m ic  c o n t a c t s
T h e  sa m p le  w a s  th en  c le a n e d  a s  befo re  an d  p re p a re d  for th e  e v ap o ra tio n  of th e  n-
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P h o t o g r a p h  4 .5  Pho toresis t  is u sed  to define the top p-ohm ic  
con tac ts
P h o t o g r a p h  4 . 6  The top p-ohmic con tac ts  are  ev ap o ra ted  onto  the dev ice
o h m ic  c o n ta c ts . In th e  following p ro c e s s e s  it w a s  req u ire d  th a t v e ry  little a c e to n e  
w a s  u s e d  a s  it a tta c k s  th e  polyim ide. T he /7-ohmic c o n ta c ts  w e re  d e fin ed  90° to  th e  
to p  p -o h m ic  c o n ta c ts  form ing  th e  e le c tr ic a l n e tw o rk  w h ich  a llo w e d  in d iv id u a l 
e le m e n ts  to  b e  se le c te d , a s  show n in F igure 4 .5 .7 .
F ig u r e  4 .5 .7  T h e  /7-ohm ic c o n ta c ts  a r e  a lig n e d  p e rp e n d ic u la r ly  to  th e  
p -o h m ic  c o n ta c ts  a n d  th e  rem ain ing  ep itax ia l la y e rs  re m o v e d  
from  th e  to p  of th e  p -o h m ic  c o n ta c tin g  p a d s  ( s e e  a ls o  
P h o to g ra p h  4 .7 -4 .9 )
A gain it w a s  n e c e s s a ry  to ad ju st th e  pho to lithography p a ra m e te rs  to  a c c o u n t for th e  
red u c tio n  of light involved in th e  e x p o su re  te ch n iq u e  from b a c k  sc a tte r in g . T h is w a s  
d u e  to  th e  a b s e n c e  of a  reflecting su b s tra te  an d  a lso  to  th e  polyim ide lay er w hich is 
stro n g ly  ab so rb in g  a t UV w av e len g th s . O n e  m eth o d  of c o m p e n sa tin g  for th is  w a s  to 
p la c e  a  highly reflecting  slide  u n d e r th e  sa m p le , su c h  a s  a  g la s s  s lid e  c o v e re d  in 
a lum inium . T his in c re a se d  th e  b ack  sca tte rin g  a n d  re d u c e d  th e  e x p o s u re  tim e . T h is 
w a s  d e s ira b le  a s  it m inim ised th e  v ibrational e ffec ts  o th e rw ise  a s s o c ia te d  with long 
e x p o su re  tim e, an d  so  allow ed b e tte r  definition of th e  p a tte rn . A gain th e  ability o f th e  
m a sk  a lig n e r to  tran sm it in fra-red  light th rough  th e  d e v ic e  a llow ed  th e  c o n ta c ts  to 
b e  v e ry  a c c u ra te ly  a ligned  to e a c h  o th e r, a lthough  d u e  to  re flec tio n s from  th e  slid e  
visibility w a s  poor. A c h lo ro b e n z e n e  so a k  w a s  a lso  em p lo y ed  to  a id  th e  p ro c e s s  of 
lift-off a f te r  th e  c o n ta c ts  w ere  e v a p o ra te d .
T h e  /7-o h m ic  w a s  e v a p o ra te d  a s  o u tlin ed  in S e c tio n  3 .3 .6  a n d  a f te r  th e  lift-off 
p ro c e s s  th e  co n tac t w as an n e a le d  for 60 s e c o n d s  a t 350  °C .
T h e  la s t s ta g e  in th e  p ro c e ss  w as  to rem ove th e  rem ain ing  ep itax ia l lay e rs  from  th e
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P h o t o g r a p h  4 .7  After the  su b s tra te  is rem oved  the  bottom n - ohm ic c o n tac ts  
a re  ev apora ted
P h o t o g r a p h  4 .8  Back view of the n -ohmic an d  p  -ohmic con tac ts  a ligned to
an e lem ent of the SLM
ilNfife-'
p * t v
K  ^  'lv
P h o t o g r a p h  4 . 9  Top view of e lem en ts  in the  device
P h o t o g r a p h  4 . 1 0  T he remaining epitaxial layers a re  rem o v ed  using
dry-etching tech n iq u es  to reveal the  p  ' O h m i c  
contacting p ad s
to p  of th e  p -o h m ic  co n tac ting  p a d s . Having failed  to  do  th is  su c c e ss fu lly  with a  w et- 
e tc h  w ithou t th e  u s e  of e la b o ra te  m ask in g  te c h n iq u e s  to  p ro te c t  th e  m o d u la to r  
e le m e n ts ,  d ry -e tc h in g  with SiC I4 w a s  u s e d . T h e  c o m p le te d  d e v ic e  is sh o w n  in 
P h o to g ra p h  4 .1 0 .
4.5.6 Alteration of the original design
An add itional s te p  inco rpo ra ted  a t th e  beginning  of th e  p ro c e s s  w ould  a lso  allow  th is  
d e v ic e  to  b e  u se d  for im age p ro cess in g . This w ould involve th e  ev ap o ra tio n  of go ld  o r 
a  s im ilar o p a q u e  m aterial on to  th e  g la s s  slide , w hich could  th en  b e  rem o v ed  from  th e  
a p e r tu re s  of th e  e le m e n ts . T his w ould b e  c a rr ie d  o u t a f te r  th e  s a m p le  h a d  b e e n  
firmly a tta c h e d  to  th e  slide an d , ag a in , u se  of th e  m a sk  a lig n er in fra-red  ca p a b ilitie s  
w ould  sim plify th is  p ro c e s s . In th is configura tion , with an  e x p a n d e d  b e a m  in c iden t 
o n to  th e  d ev ice , light w ould b e  tran sm itted  only th rough  th e  e le m e n t a p e r tu re s . T h is 
w ou ld  a ls o  e lim in a te  th e  p rob lem  of light leak ing  ro u n d  th e  e le m e n ts  w hich  w a s  
e n c o u n te re d  during th e  testing  of th e  d ev ice  actually  fab rica ted .
4.6 Experimental set-up and procedure
T h e  a p p a ra tu s  u se d  to  te s t  th e  sp a tia l light m odu la to r w a s  d e sc r ib e d  in S e c tio n  3 .4 . 
T h e  SLM e le m e n ts  a re  m uch sm alle r th an  th e  sing le  e lec tro ab so rp tio n  m o d u la to r an d  
th e  m ic ro sc o p e  o b jec tiv e s  n e c e s s a ry  to  fo cu s th e  light th ro u g h  th e  s in g le  e le m e n ts  
w e re  x 5 0 . T h e  aim  of th is ex p e rim en t w a s  to  d e m o n s tra te  th a t su c h  a  m o d u la to r 
c o u ld  b e  su ita b le  for u se  in a  com m unica tion  sy s te m  w h e re  it w ould  b e  a c c e s s e d  
th ro u g h  a  b u n d le  of fib res . T h u s  it w a s  only te s te d  u sin g  a  n a rro w  b e a m  of light 
c o u p le d  into o n e  e lem en t a t a  tim e an d  not an  e x p a n d e d  b e a m  w hich w ould b e  requ ired  
for ap p lica tio n s su ch  a s  im age p ro cess in g .
E ach  e le m e n t w a s  electrically  a c c e s s e d  an d  optically te s te d  to d e m o n s tra te  th a t th ey  
all ex h ib ited  th e  Q C S E . Light w as  cou p led  into th e  individual e le m e n ts  u sing  th e  'en d - 
fire ' rig a n d  co lle c te d  by th e  o u tp u t o b jec tiv e . A h o rizo n ta l slit w a s  in c o rp o ra te d  
b e fo re  th e  input o b jec tiv e  to narrow  th e  vertica l b e a m  from  th e  m o n o c h ro m a to r. A 
re v e rs e  v o ltag e  w a s  app lied  to th e  ap p ro p ria te  line c o n ta c ts .
F or e a c h  e le m e n t th e  sp e c tra  a t ze ro  ap p lied  v o ltag e  a n d  -30  V w e re  re c o rd e d , with 
s e le c te d  e le m e n ts  being  te s te d  to m onitor th e  m ag n itu d e  of th e  S ta rk  shift b e tw e e n
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th e s e  e x tre m e s .
4.7 Results and discussion
Firstly m e a su re m e n ts  w ere  m a d e  of th e  position  of th e  ab so rp tio n  e d g e  a n d  exciton  
p o s it io n s  in e a c h  of th e  e le m e n ts  a t  z e ro  field . C lea rly  a  n a rro w  s p r e a d  in th e  
re la tiv e  p o s itio n s  is d e s ire d . T h e  s e c o n d  m e a s u re m e n ts  verified  th a t  e a c h  o f th e  
e le m e n ts  exh ib ited  th e  S ta rk  shift a lread y  d e m o n s tra te d  by lay e r CB 2 in th e  s in g le  
e le c tro a b so rp tio n  m odu la to r. B efore th e  tra n sm iss io n  e x p e r im e n ts  w e re  u n d e r ta k e n  
it w a s  n e c e s s a ry  to  e n s u re  th a t e a c h  e le m e n t w a s  c a p a b le  of ach iev in g  a  re v e rs e  
b reak d o w n  of a t le a s t  -30 V an d  th e re fo re  th e  l-V c h a ra c te r is tic s  of all th e  e le m e n ts  
w e re  re c o rd e d .
4.7.1 l-V Characteristics of the array elements
T h e  l-V c h a ra c te r is tic s  w e re  m e a s u re d  using  th e  H ew lett P a c k a rd  S e m ic o n d u c to r  
P a ra m e te r  A n a ly se r a s  b e fo re . T h e  m e a s u re s  ta k e n  to  e n s u re  e le c tr ic a l iso la tion  
b e tw e e n  th e  p  a n d  n ohm ic co n tac tin g  lines p ro v ed  su c c e ss fu l, with all th e  e le m e n ts  
ach iev ing  a  re v e rse  b reakdow n  of a t le a s t -35 V.
4.7.2 Zero Field Variation of the Absorption Spectra
A s d e s c r ib e d  in S e c tio n  4 .6 , th e  re s u lts  for th is  p a r tic u la r  e x p e r im e n t w e re  
o b ta in e d  by fo cu ssin g  th e  ou tpu t of th e  m o n o ch ro m ato r th rough  e a c h  e le m e n t a t z e ro  
ap p lied  field. F igure 4.4.1 in d ica te s  th e  num bering  sy s te m  u s e d  for th e  e le m e n ts  in 
th e  a rray , w h e re  it is a s s u m e d  th a t th e  d ev ice  is be ing  v iew ed  from  th e  n -c o n ta c tin g  
s id e . T his n u m b erin g  sy s te m  is a d h e re d  to in all th e  e x p e rim e n ts . T h e  a b so rp tio n  
sp e c tru m  w a s  re c o rd e d  for e a c h  e le m e n t an d  n o rm a lised  for th e  s y s te m  v a ria tio n  
with w av e len g th . Two particu lar fe a tu re s  in th e  sp e c tra  w ere  e x a m in e d  to  d e te rm in e  
th e  su itab ility  of th e  c ry sta l layer for th is d ev ice . T h e  first o f th e s e  w a s  th e  h e a v y  
h o le  e x c ito n  p e a k  a n d  th e  s e c o n d  th e  positio n  of th e  a b so rp tio n  e d g e  a t  h igh 
t r a n s m is s io n .
F igu re  4.7.1 p re s e n ts  th e  ze ro  field varia tion  of th e  h e a v y  ho le  exciton  p e a k . F or a  
d ire c t c o m p a riso n  to b e  d raw n  b e tw e e n  th e  e le m e n ts  th e  tra n sm is s io n  h a s  b e e n  
n o rm a lise d  a t  th e  h ig h er a n d  low er w av e len g th  e n d s  of th e  sp e c tru m . T h is sca lin g  
e lim in a te s  th e  effec t of b ack g ro u n d  light a n d  th e  light leak in g  ro u n d  th e  e le m e n ts
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which could not be physically eradicated during the experiment.
T h e  a b so rp tio n  s p e c tra  of th e  e le m e n ts  a re  b o u n d  by th e  tw o e x tre m e  s p e c tra . T he  
h eav y  ho le  p e a k  w hich o ccu rs  a t th e  low er e n d  of th e  w av e len g th  s c a le , a t 8 2 4  nm  is 
th a t o f e lem en t 10. T he top  en d  of th e  sc a le  is b o und  by th e  sp ec tru m  of e le m e n t 2  an d  
th e  p e a k  o c c u rs  a t 826  nm . T he position  of th e  exciton  p e a k s  is o b ta in e d  by locating  
th e  p o in t o f m axim um  a b so rp tio n . From  F igu re  4 .7 .1 , in th e  c a s e  of th e  low er 
b o u n d in g  s p e c tru m , th e  ex c ito n  p e a k  is no t v e ry  w ell re s o lv e d . T h is  is  n o t a  
c h a ra c te r is t ic  o f th e  m a te ria l b u t ra th e r  a n  e x p e rim e n ta l p ro b le m . It w a s  in th is  
c a s e  difficult to  p rev en t so m e  light le a k a g e  round th e  e le m e n t, d e s p ite  u sing  slits  to  
a p e r tu re  th e  b e a m . T h e  prob lem  with th is m eth o d  w a s  th e  re su lta n t lo s s  of o p tica l 
p o w er. T h e  b e s t so lu tion  ava ilab le  w a s  to p rev en t light le a k a g e  using  slits  in front of 
th e  d e v ic e  a n d  to  in c r e a s e  th e  o p tica l p o w e r by o p e n in g  th e  s l i ts  in th e  
m o n o ch ro m ato r. By doing th is th e  resolution  w a s  d e g ra d e d  for s o m e  of th e  s p e c tra  a s  
sh o w n  in F igure  4 .7 .1 . O bviously  th e  b e s t  so lu tion  to  th is  p rob lem  w ould  h a v e  b e e n  
to  u s e  a  tu n ab le  la se r  sy s tem  but a  su itab le  sy s tem  w a s  no t av a ilab le .
< 2 nm
8 3 78 3 28 2 78 2 28 1 78 1 2
Wavelength ( nm )
Figure 4.7.1 Variation of the exciton peak at zero applied field
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T h e  re su lts  p re s e n te d  in F igure 4.7.1 sh o w  th a t th e  s p re a d  in th e  ex c iton  p e a k  is 
2  nm , a t  z e ro  a p p lied  e lec tric  field o v e r  all th e  e le m e n ts . T h e  s ig n if ic a n c e  of th is  
s p re a d  is d is c u s s e d  la te r in th is  c h a p te r  w h en  th e  optim um  o p e ra tin g  w a v e le n g th  of 
th e  d e v ic e  is d e te rm in ed . T h e  width of th is  s p re a d  is h ig h er th a n  e x p e c te d , a n d  th is  
c a n  b e  ex p la in ed  by th e  fact th a t m aterial from th e  e d g e  of th e  cry sta l w afer w a s  u se d  
for th is  d ev ice . O bviously th e  m ost d e s ira b le  a re a  to c h o s e  for th e  d ev ice  w ould h a v e  
b e e n  th e  c e n tre  of th e  c ry s ta l, h o w ev e r th is  w a s  u s e d  for th e  s in g le  m o d u la to r  
s tru c tu re s  d e sc r ib e d  in C h a p te r  3 . T h e  s p re a d  a t z e ro  b ia s  is 2  nm  le s s  th a n  th a t 
q u o te d  by [ R e jm a n -G re e n e  198 8  ] of 4  nm  fo r a  s im ila r d e v ic e  f a b r ic a te d  in 
InP/lnA IA s a n d  is th e re fo re  en co u rag in g .
C o m p arin g  th e  z e ro  field re su lts  from th e  sp a tia l light m o d u la to r to  th o s e  o b ta in e d  
for th e  s in g le  m odu la to r ou tlined  in C h a p te r  3, th e  e ffec ts  of u sing  d iffe ren t p a r ts  of 
th e  crysta l for th e  s e p a ra te  d e v ic e s  is a c c e n tu a te d . T he la rg e s t d iffe ren ce  b e tw e e n  o n e  
of th e  e le m e n ts  of th e  sp a tia l light m odu la to r (occurring  a t 824  nm ) a n d  th e  s in g le  
m o d u la to r h eav y  ho le  exciton  p e a k , sh ow n  in F igure 3 .5 .2  a t 831 nm , is 7  nm . T h is 
is ra th e r  la rg e  bu t th e  o u te r  a re a  of a  w afer, w hich w a s  u s e d  for th is  d e v ic e , o ften  
ex h ib its  la rg e  v a ria tio n s  in uniform ity. A le s s  sign ifican t bu t p o s s ib le  co n trib u tio n  
to  th is  s p r e a d  is th a t  th e  la rg e r  w id th , 0 .5  m m  (0.1 m m  fo r p r e v io u s  
e x p e rim e n ts ) , of th e  m o n o ch ro m ato r slits  im plies th a t th e  exciton  fe a tu re  is no t so  
c le a r ly  re so lv e d  in th e  SLM c a s e .  T h is le a d s  to  an  a p p a r e n t  re d u c tio n  in th e  
s h a r p n e s s  of th e  exciton  fea tu re  w hich CB 2 d e m o n s tra te d  in C h a p te r  3 . T h e  e x a c t 
p o s itio n  o f th e  h e a v y  h o le  ex c ito n  p e a k  is m a s k e d  by th e s e  p ro b le m s  w h ich  
c o n tr ib u te s  partly  to th e  la rg e  varia tion  o b se rv e d .
T h e  im po rtan t fe a tu re  in th e  SLM is th e  position  of th e  ex c iton  p e a k s  re la tiv e  to  
e a c h  o th e r  o v e r th e  a rray  a re a  ra th e r th an  to  d e v ic e s  from  o th e r  p a r ts  o f th e  c ry sta l. 
T h u s  th e  re su lts  p re s e n te d  for th is  ex p e rim e n t, d e s p ite  th e  p itfa lls o u tlin e d , a r e  
e n c o u ra g in g . T h e  s p re a d  in th e  ab so rp tio n  s p e c tra  o v e r th e  a r e a  of th e  a rray  will b e  
sh o w n  to b e  to le rab le  w hen  ca lcu la tio n s of th e  c ro ss ta lk  a re  m a d e  a n d  th e  op tim um  
o p e ra tin g  w av elen g th  is d e te rm in ed .
Another feature of the absorption spectra shown in Figure 4.7.2 is the loss of the
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s h a r p n e s s  of th e  ab so rp tio n  e d g e , p o ss ib ly  for th e  s a m e  r e a s o n s  a s  th e  lo s s  of 
re so lu tio n  of th e  exciton  fe a tu re . T h e  h ig h er transm itting  re g io n s  of th e  d e v ic e  a re  
e m p h a s is e d  in th is g rap h . T he  sp re a d  in th e  abso rp tio n  e d g e  in th e  high tran sm iss io n  
reg ion  is la rg er th an  th e  sp re a d  in exciton p e a k s .
T h is varia tion  of th e  ab so rp tio n  e d g e  in d ifferen t e le m e n ts  is ~4 nm  . T h e  fac t th a t 
th e  s p re a d  in th e  h ig h er transm itting  reg ion  of th e  sp a tia l light m o d u la to r is m uch 
la rg e r th an  th a t a t th e  exciton  p e a k  su p p o rts  th e  th eo ry  th e  e x tra  light w hich is not 
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Figure 4.7.2 Variation of the absorption edges of the SLM at zero applied
electric field
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4.7.2 Stark shift of the individual elements
T h e  s e c o n d  ex p erim en t verified th e  m odulating  cap ab ilitie s  of e a c h  e le m e n t by u s e  
of th e  line a d d re ss in g  d es ig n . T he  absorp tion  sp ec tru m  of e a c h  e le m e n t w a s  m e a su re d  
a t  z e ro  a p p lied  vo lts  a n d  a lso  a t -30  V. T h e s e  re su lts  a re  p r e s e n te d  from  F igu re
4 .7 .3  a  to  d  for th e  s ix teen  e le m e n ts . T h e s e  g ra p h s  c learly  sh o w  th e  S ta rk  S hift of 
e a c h  e le m e n t. T h e  m a g n itu d e  of th e  shift v a r ie s  from  e le m e n t to  e le m e n t a n d  is 
difficult to  quantify  d u e  to  th e  quality  of th e  s p e c tra . T h is v aria tio n  is th o u g h t no t to  
b e  a  c o n s e q u e n c e  of th e  ad d re ss in g  sy s tem  u se d  bu t ra th e r  th e  inability to  a c c u ra te ly  
d e te rm in e  th e  shift from  th e  re co rd ed  d a ta . For th e s e  s p e c tra  th e  m a g n itu d e  of th e  
S ta rk  shift a p p e a rs  to b e  in th e  region of 9 m eV  ± 1 .5  m eV  c o m p a re d  with th e  m o re  












































































































Figure 4.7.3 b Transmission spectra of elements 5, 6, 7 and 8
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Figure 4.7.3 d Transmission spectra of elements 13,14,15 and 16
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4.7.4 Device operation : Optimised condition
T h e  optim um  opera tin g  cond itions of th e  d ev ice  c a n  b e  d e te rm in ed  by using  bo th  th e  
d a ta  o b ta in e d  for th e  s in g le  m o d u la to r s tru c tu re , w hich d e f in e s  th e  q ua lity  of th e  
m a te ria l, a n d  th e  w av e len g th  varia tion  o v e r e a c h  e le m e n t in th e  a r ra y  for th e  z e ro  
b ia s e d  condition.
Tw o co n d itio n s of b ias  a re  c o n s id e re d . T h e  first is -25 V, th e  ap p lied  v o lta g e  w hich 
a c h ie v e d  th e  h ig h es t c o n tra s t ratio, an d  th e  s e c o n d  a  low er d rive v o lta g e  of -20  V. 
S in c e , a s  ex p la in ed  in sec tio n  4 .4 , so m e  n o n -se le c te d  e le m e n ts  a re  a lso  b ia s e d  by 
half th e  d rive v o lta g e , it is n e c e s s a ry  to  c o n s id e r  th e  s p e c t r a  of -12  V a n d  -1 0  V 
re s p e c tiv e ly .  In th is  a r ra y  s y s te m  th e  o p tic a l c o n t r a s t  ra tio  w h ich  b e c o m e s  
sign ifican t is th e  ratio b e tw een  th e  drive vo ltage  an d  half th e  d rive v o ltag e .
T h e  c o n tra s t  ra tio s  found  b e tw e e n  -25 V an d  0 V a n d  b e tw e e n  -12  V a n d  0 V a re  
sh o w n  in F igure 4 .7 .4 . To a s s e s s  th e  c ro ss ta lk  b e tw een  th e s e  tw o co n d itio n s  of b ias , 
th e  c o n tra s t  ratio  w a s  c a lc u la te d . T h e  la s t fa c to r  ta k e n  into c o n s id e ra tio n  is th e  
s p re a d  in w av e len g th  of 2 nm o v e r th e  e le m e n ts , w hich is d e f in e d  by th e  v ertica l 
lin e s . T h e  d e v ic e  c a n  b e  o p tim ised  to  w ork in th e  reg ion  of th e  2 nm  s p r e a d  in 
w a v e le n g th  w hich  p ro v id e s  th e  h ig h e s t c ro s s ta lk , th a t  is w ith th e  la rg e s t  ra tio  
b e tw e e n  s e le c te d  a n d  n o n -se le c te d  e le m e n ts . T h is  w a v e le n g th  is d e te rm in e d  a s  
8 3 8 .2  nm  fo r th is  p a r tic u la r  d e v ic e , g iving a n  o p tic a l c o n tr a s t  ra tio  o f 4 .8 :1  
(6 .8  dB) b e tw e e n  se le c te d  a n d  n o n -se le c te d  e le m e n ts . F or th is  c a s e  th e  m axim um  
c o n tra s t  ratio  o b ta in e d  in th e  s e le c te d  e le m e n t is 7:1 (8 .45  dB ) with 1.4:1 (1 .46 :1 ) 
in th e  n o n -s e le c te d  e le m e n t. If th e  s p e c tra  a re  e x a m in e d  a t th e  e x tre m e s  o f th e  
w a v e len g th  varia tion , th a t is ±  1 nm , i.e. a t 8 3 7 .2  nm  a n d  8 3 9 .2  nm th e  c ro s s ta lk  
is 4:1 (6 dB ). T h u s  th e  v a ria tion  of th e  z e ro  b ia s  s p e c tra  d u e  to  th e  g row th  n o n ­
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F ig u re  4 .7 .4  O ptim ised operating  w avelength  for a  drive v o ltag e  of -25 V
E qually  co m p e titiv e  v a lu e s  of c ro s s ta lk  c a n  b e  o b ta in e d  by u s in g  a  lo w er d rive  
v o lta g e . It c a n  b e  s e e n  th a t b e c a u s e  th e  exciton  fe a tu re  re m a in s  w ell re so lv e d , 
particu la rly  for low ap p lied  fields, th a t th e  c o n tra s t  ratio b e tw e e n  th e  low er b ia s e d  
s p e c tr a  a n d  th e  z e ro  condition is low resu lting  in high v a lu e s  of c ro s s ta lk  re jec tio n . 
C o n s id e r  th e  sp e c tra  of 0 ,-10  a n d  20  V a s  show n in F igure 4 .7 .5 . A gain  th e  vertica l 
lin e s  r e p r e s e n t  th e  v a ria tio n  in w a v e le n g th s  o v e r  th e  d e v ic e s .  T h is  tim e  th e  
m ax im u m  v a lu e  of c ro s s ta lk , 4 .3:1 (6 .3 3  dB ), is o b ta in e d  a t  a  w a v e le n g th  of
837 .1  nm , w ith th e  m ax im um  c o n tra s t  ra tio  for a  s e le c te d  e le m e n t b e in g  6 .6:1 
(8 .2  dB ) a n d  th e  n o n -s e le c te d  e le m e n t c o n tra s t  ra tio  b e in g  1.6:1 (2 dB ). T h is  
v a lu e  of c ro s s ta lk  d ro p s  to  3 .5:1 a t w a v e le n g th s  o f 838 .1  nm  a n d  8 3 6 .1  nm . 
T h e re fo re , a lth o u g h  th e  m axim um  v a lu e  of c ro ss ta lk  is no t a s  high a s  th a t o b ta in e d  
for th e  h ig h er drive v o ltag e  of -25  V, it is p o ss ib le  to o p e ra te  th e  d e v ic e  in s y s te m s  
w hich d e m a n d  th e  u se  of low er drive v o ltag es . In both  c a s e s ,  i.e . -25  a n d  -20 V b ias , 
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F ig u re  4 .7 .5  Optim um  w avelength  of opera tion  for a  drive vo ltag e  of -20  V 
4 .7 .5  D i s c u s s i o n
It c a n  b e  s e e n  from th e  re su lts  p re se n te d  in th is c h a p te r  th a t th is  d e s ig n  of sp a tia l 
light m o d u la to r is u sefu l for th e  routing of op tical s ig n a ls .
E ach  of th e  e le m e n ts  in th e  array  w a s  c a p a b le  of m odulating  light, a s  d e m o n s tra te d . 
T h e re  w e re  p ro b le m s  a s s o c ia te d  in bo th  th e  fab ric a tio n  of th e  d e v ic e  a n d  th e  
reco rd in g  of th e  tra n sm iss io n  s p e c tra . T h e  fab rica tio n  p ro b le m s  w e re  in th e  m ain  
o v e rc o m e  by  u s e  o f a  c o m b in a tio n  of d ry  a n d  w e t-e tc h in g  t e c h n iq u e s  a n d  
p h o to se n s itiv e  polyim ide. It w a s  h o w ev er m ore  difficult to  a llev ia te  th e  a s s e s s m e n t  
c o m p lic a tio n s . S te p s ,  su c h  a s  em p lo y in g  b o th  v e r tic a l a n d  h o riz o n ta l s li ts  to  
a p e r tu re  th e  optical b eam  w ere  tak en , an d  th e s e  re d u c e d  th e  p ro b lem s.
T h e  u n d e s ira b le  b iasing  of n o n -se lec ted  e le m e n ts  is sh ow n  to  b e  to le rab le  a n d  usefu l 
m odu la tion  c a n  b e  o b ta in e d  (6 dB  a t w orst for -25  V b ias) with a c c e p ta b le  lev e ls  of 
c ro ss ta lk . T he  d es ig n  of th e  d ev ice  ca n  a lso  b e  a lte re d  to  su it ap p lica tio n s  o th e r  th a n
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o p tica l s ig n a l rou ting , a s  ex p la in e d  in se c tio n  4 .5 .5 , a n d  m u ch  la rg e r  a r ra y s  a re  
p o s s ib le  using  th is  configuration .
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C h a p t e r  F iv e
C o u p l e d  Q u a n t u m  W e l l  M o d u l a t o r s
Introduction
Although the electroabsorption modulator described in Chapter 3 exhibited a 
relatively high contrast ratio for such a device, other designs of modulator which also 
have the advantage of low drive voltages are of interest. To achieve both of these 
objectives the modulator could either be operated in reflection mode 
[ Whitehead 1989 ] or the natural reflection properties of the interfaces, to optimize 
the device, could be used. [ Whitehead 1989 ] Another approach to improve the 
modulator operation, and the one which is the topic of this chapter, is to vary size of 
the wells and the barriers.
The layers of the intrinsic region of the previously fabricated electroabsorption 
modulator, CB 2, were altered to allow coupling between the individual wells. 
Results for two designs of coupled well devices are presented. The first consisted of a 
superlattice of 200 wells which was modified to contain pairs of coupled wells, in an 
attempt to enhance the results.
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5.1 Variations in the design of the absorption layer
T h e  in trinsic  reg ion  of th e  p rev io u s  iso la te d  q u a n tu m  well M OCVD grow n la y e rs , 
CB 2, w a s  m odified to  form a  reg ion  of co u p led  q u an tu m  w ells. In th is  g e o m e try , th e  
th e o re tic a l shift of th e  ab so rp tio n  e d g e  a s  a  function  of a p p lied  field is m uch  la rg e r 
th a n  th a t a c h ie v a b le  with iso la te d  w ells  [ B le u se  1 9 8 8 ] .  An e ffec tiv e  b lu e  sh ift of 
th e  ab so rp tio n  e d g e  ta k e s  p lace  ra th e r th an  th e  red  shift o b se rv e d  in C h a p te r  3 .
In o rd e r  to  s tu d y  th e  e ffec t of coup ling  th e  w ells tw o s e p a r a te  g e o m e tr ie s  w e re  
c o n s id e re d . T h e  first of th e s e  w a s  a  su p erla ttice , w h e re  all th e  w ells w e re  c o u p led  by 
th in  b a rr ie rs  ( <  40  A ). In th e  s e c o n d  g e o m e try  co u p lin g  b e tw e e n  th e  w ells  w a s  
ag a in  exp lo ited  bu t in th is  c a s e  p a irs  of co u p led  w ells w e re  iso la ted  by th ick  b a rrie rs  
( > 40A  ). T h e s e  p a ir s  o f w e lls  e x h ib ite d  d iffe re n t b e h a v io u r  to  th a t  o f th e  
su p e r la tt ic e  d e v ic e .
5.2 Superlattice theory
S u p e r la tt ic e  s tru c tu re s  c o n s is t  o f w ells no  lo n g e r iso la te d  from  e a c h  o th e r , bu t 
c o u p le d  th ro u g h  thin b a rrie rs  i.e. th e  w idth of th e  b a rrie r  b e tw e e n  c o n se c u tiv e  w ells 
is re d u c e d  to  allow  e le c tro n s  an d  h o les  to  tu nne l th ro u g h  th e  ba rrie r. T h is  re su lts  in 
th e  w ells b e in g  co u p led  a t z e ro  field by th e  re s o n a n t tunne ling  e ffec t a n d , th e re fo re , 
in th e  fo rm ation  of e lec tro n ic  m in ib an d s of w idth AE1 an d  AH1 ra th e r  th a n  d is c re te  
e le c tro n ic  e n e rg y  lev e ls  ( s e e  F igure 5 .2 .1 ). T h e  resu lting  e ffec t is th a t, u n d e r  z e ro  
field co n d itio n s , th e  b a n d g a p  of th e  su p e rla ttic e  is re d u c e d  from  th a t o f th e  iso la te d  
well s tru c tu re s  by an  a m o u n t - |^ A E  ^ A H ^ .
O n th e  app lica tion  of an  e lec tric  field th is re so n a n t effec t is tu rn e d  off a s  th e  lev e ls  
b e c o m e  d isp la c e d  from  e a c h  o ther. In c o n tra s t to iso la ted  well d e v ic e s  w h e re  on  th e  
app lica tion  of an  e lec tric  field th e  b a n d g a p  is effectively re d u c e d , th e  b a n d g a p  of th e  
s u p e r la tt ic e  sh o u ld  b e c o m e  la rg e r. D ue to  th e  e le c tr ic  field  th e  e n e rg y  le v e ls  in 
a d ja c e n t w ells a re  m isa ligned  by an  am o u n t e F d  a n d  th e  re s o n a n c e  condition  is tu rn ed  
off if eF d > A E r  T h e  initial e ffec t of th is  is to re g a in  th e  d is c r e te  e n e rg y  le v e ls  
a s s o c ia te d  with th e  iso la ted  w ells. T h u s  tra n s itio n s  c a n  only ta k e  p la c e  a t  e n e rg ie s  
h ig h e r  th a n  th o s e  in th e  z e ro  b ia s  c o n d itio n , re su ltin g  in a  b lu e  sh ift o f th e  
a b so rp tio n  e d g e . In th eo ry  th is  shift sh o u ld  b e  m uch la rg e r th a n  th e  a s s o c ia te d  red
132






























F i g u r e  5 .2 .1  F orm ation  of m in ibands in a  su p e rla ttic e , a n d  th e  e ffec t of th e  
e lec tric  field on  th e  en e rg y  levels
In c o u p le d  well s tru c tu re s  in th e  p r e s e n c e  of a n  e le c tr ic  field  th e  w av e fu n c tio n  
b e c o m e s  lo ca lized  o v e r  a  few  w ells  n e a r  th e  c e n tre  of th e  s u p e r la t t ic e  (F ig u re  
5 .2 .2 ) .[  B le u se  1 9 8 8  ] T h is  le a d s  to  th e  fo rm atio n  o f a  'W a n n ie r  S ta rk  L a d d e r ' 
w h e re , ra th e r  th a n  a  sh a rp  exciton ic  effec t a p p e a rin g  in th e  a b so rp tio n  sp e c tru m , a  
s e r ie s  of s t e p s  is o b ta in e d , d u e  to  th e  e n e rg y  le v e ls  in a d ja c e n t  w e lls  b e in g  
m isa ligned  by an  am o u n t eF d  an d  th e  fact th a t the  w avefu n c tio n s a re  no t co n fin ed  to  a  
s in g le  w ell.
F=0r
Distance ( 8  )
F i g u r e  5 .2 .2  W av efu n c tio n  in a  s u p e r la t t ic e  c o n d u c tio n  b a n d , e ffe c t of 
e lec tric  field on  th e  w avefunction
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At h ig h er fie lds th e  effec t w hich c a u s e d  th e  're d  shift' in th e  iso la ted  w ells - i.e th e  
Q C S E  shift in th e  en e rg y  levels  d u e  to  th e  app lied  e lec tric  field - b e c o m e s  sign ifican t 
o n c e  m o re . T h e  ab so rp tio n  e d g e  th e re fo re  a p p e a r s  to  shift to  low er e n e rg ie s  o n c e  
ag a in .
5.2.1 Kronig-Penney Model
T h e  fo rm ation  of s u b -b a n d s  a n d  the ir w id ths c a n  b e  c a lc u la te d  u s in g  th e  K ronig- 
P e n n e y  m odel. C o n s id e r  th e  po ten tia l d istribu tion  in th e  d irec tio n  of g row th  of th e  
s e m ic o n d u c to r  lay e rs  ( z  d irection  ) for a  su p e rla ttic e  a s  sh o w n  in F igu re  5 .2 .1 . T h e  
p e r io d ic  p o te n tia l d u e  to  th e  d iffe re n c e  in b a n d g a p  b e tw e e n  th e  la y e rs  a n d  is 
s u p e rp o s e d  on  th e  in trinsic  perio d ic  po ten tia l in th e  c ry s ta l. T h e  b a n d  s tru c tu re  of 
th e  co m p le te  s tru c tu re  d e p e n d s  on  th e  m agn itude  of th e  e lec tro n  m e a n  free  p a th , I, in 
re la tion  to th e  period  d. For l « d ,  th e  period ic  po ten tia l s e e n  by th e  e le c tro n s  is th a t 
o f th e  c ry s ta l with th e  individual lay e rs  a n d  th e  b a n d  s tru c tu re  of in te re s t  is th a t of 
th e  c o m p o u n d  form ing a  particu lar layer. O n th e  o th e r  h a n d , w h en  l » d ,  a n  e lec tro n  
m ay  b e  c o n s id e re d  to b e long  to th e  co m p le te  s tru c tu re . T h e  e n e rg y  level d ia g ra m  for 
th e  d irec tio n  t r a n s v e r s e  to th e  z d irec tion  re m a in s  u n a ffe c te d  b u t th a t  in th e  z 
d irec tion  is m odified  by th e  su p e rla ttic e  p o ten tia l.
T h e  m odified b a n d  d iag ram  m ay b e  w orked  ou t by solv ing th e  S c h ro d in g e r eq u a tio n  
in th e  e x tra  p erio d ic  po ten tia l o f th e  su p e rla ttic e  u sin g  th e  e ffec tiv e  m a s s e s  of th e  
e le c tro n  a n d  h o le s  in th e  m ateria l form ing th e  s u p e r la tt ic e . T h is  is s im ila r to th e  
K ro n ig -P en n ey  m odel d e sc r ib e d  in C h a p te r  2 . T h e  m odel req u ire d  to  c a lc u la te  th e  
e n e rg y  le v e ls  a n d  th e  m in ib an d  w id th s  of a  s u p e r la tt ic e  s tru c tu re  is o u tlin e d  in 
A ppendix  A.
5.3 Literature review : Superlattice structures
T h e  e m p h a s is  on  co u p led  well s tru c tu re s  h a s  b e e n  m ainly th e o re tic a l a s  d e s c r ib e d  
a b o v e , b u t recen tly  th e  p re d ic te d  b eh a v io u r of th e  a b so rp tio n  s p e c tru m  h a s  b e e n  
s u p p o r te d  by e x p e rim e n ta l s tu d ie s . [ B le u s e  1988 , B h a tta c h a ry a  1 9 8 9 ]
T h e  th eo re tica l s tu d ie s  [ s e e  for ex am p le  B leu se  1988 , F e rre ira  1988 , a n d  B a s ta rd  
1 9 8 7  ] h a v e  m o d e lled  th e  c o u p le d  s tru c tu re s  u sing  a  tigh t-b ind ing  a n a ly s is  of th e  
e n v e lo p e  w av efu n c tio n s a s  d e sc r ib e d  in A ppendix  B. B a s ta rd  [ 1 9 8 5 ]  c a lc u la te d  th e
134
e le c tro n ic  e n e rg y  lev e ls  in bo th  s e m ic o n d u c to r  q u a n tu m  w ells  a n d  s u p e r la t t ic e s .  
T h e s e  v a lu e s  w e re  th en  u s e d  to  p re d ic t th e  a b so rp tio n  s p e c tru m  o f s u p e r la t t ic e  
s t ru c tu re s  a n d  th e  e ffec t o f an  e lec tr ic  field on  th e  s p e c tru m . [ B a s ta r d  1 9 8 9 ]  It 
w a s  found  th a n  w h en  an  e lec tric  field of eq u iv a len t m ag n itu d e  to  th e  s u b -b a n d  w idth 
is ap p lied  to  a  su p e rla ttic e  s tru c tu re  th en  th e  re s o n a n t tu n n e lin g  p rev io u sly  p o s s ib le  
b e tw e e n  th e  c o u p le d  w ells is inh ib ited . T h e  m in ib an d s  a r e  re p la c e d  by  a  W a n n ie r  
S ta rk  L ad d e r in th e  ab so rp tio n  sp e c tru m , a s  p rev io u sly  d is c u s s e d .  T h is  w ork w a s  
v e r if ie d  e x p e r im e n ta l ly  by  B le u s e  [ 1 9 8 8  ] u s in g  th e  Al0 . 2 4 GaQ24ln 0 52A s -  
Gao.47ln 0>53A s su p e r la tt ic e  sy s te m . Tw o s tru c tu re s  w e re  in v e s tig a te d , firstly a  50  
p e rio d  su p e r la t t ic e  with 5 0  A w ells a n d  5 5  A b a rr ie rs  a n d  s e c o n d ly  a  5 0  p e rio d  
s u p e r la t t ic e  w ith 4 0  A w ells  a n d  4 5  A b a rr ie rs . In th e  firs t s t ru c tu re ,  w ith an  
ap p lied  v o lta g e  of 1 .25  V, th e  a b so rp tio n  e d g e  h a d  an  effec tiv e  b lu e  shift of 5  m eV . 
T h e  s e c o n d  s tru c tu re  b e h a v e d  sim ilarly  to  th e  first w ith a  m ax im um  sh ift of th e  
h eav y  ho le  exciton of 12 m eV  being  o b se rv e d .
B h a tta c h a ry a  p e rfo rm e d  s im ila r e x p e r im e n ts  in th e  G a A s /  Al0 3 G % 7 A s sy s te m  
a n d  a ls o  fo u n d  e x c e lle n t a g re e m e n t  w ith th e o re tic a l p re d ic t io n s . Y an  [ 1 9 8 9 ]  
in v e s tig a te d  a  sy m m etric  41 period  su p e rla ttic e  with a  su p e rp e r io d  of 4 0  A. F or an  
a p p lied  v o lta g e  of -3 V a  b lue  shift of th e  ab so rp tio n  e d g e  w a s  o b s e rv e d . R ecen tly  
th e re fo re  b lu e  sh ifts  of th e  a b so rp tio n  e d g e  h a v e  b e e n  bo th  th eo re tica lly  p re d ic te d  
a n d  ex p erim en ta lly  o b se rv e d .
5.4 Design of superlattice modulator layers- CB 102
O n e  o f th e  a im s  in th e  d e s ig n  of th e  s u p e r la tt ic e  la y e rs  w a s  to  m a in ta in  th e  
m axim um  level of ab so rp tio n  o b ta in ed  by using  a  la rg e  to tal th ic k n e s s  of G aA s in th e  
in trinsic  reg ion  of th e  p rev io u s  d ev ice . T h u s  a  to tal of 2 0 0 , 5 0  A G aA s w ells  w a s  
a g a in  u s e d  ( s e e  F igure  5 .4 .1 ). T h e s e  w ells w e re  c o u p le d  th ro u g h  3 0  A AI0 3 Gao7 As 
tu n n e llin g  b a r r ie r s . T h e  d e s ig n  of th e  o th e r  la y e rs  o f th e  m o d u la to r , a lr e a d y  
su ccess fu lly  te s te d  in th e  iso la ted  m odu la to r d ev ice , rem a in ed  th e  s a m e  a s  sh o w n  in 
F ig u re  5 .4 .2 . A s with lay e r CB 2, th is  s tru c tu re  w a s  g ro w n  by M O V PE  a t  th e  
U niversity  of S heffie ld . O n e  of th e  p ro b le m s  with th is  ty p e  of d e s ig n  is th a t  it is 
difficult to  m ain ta in  a  uniform  e lec tric  field in th e  in trinsic  reg io n  d u e  to  th e  level 
o f d o p in g . T h is le a d s  to  d isco n tin u itie s  b e tw e e n  th e  th e o re tic a l a n d  e x p e rim e n ta l 
re su lts  p re s e n te d  la te r in th is  c h a p te r .
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GaAs 5 0 ^  x 200 I
AIGaAs 30% 30 A I
F ig u re  5.4.1 S uperla ttice  layer CB 102
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buffer layer
GaAs SUBSTRATE
F ig u re  5 .4 .2  O vera ll d e s ig n  of m o d u la to r  la y e rs
5.5 Theoretical modelling of absorption spectra of 
superlattice structure
T h e  m odelling  of th e  ab so rp tio n  sp ec tru m  for th e  su p e rla ttic e  s tru c tu re  w a s  b a s e d  
on  th e  th e o ry  of B le u se  [ 1 9 8 8  ]. T o u s e  th is  m o d e l it w a s  n e c e s s a r y  to  first 
c a lc u la te  th e  ze ro  field en e rg y  b a n d  s tru c tu re  of th e  su p e rla ttic e  s tru c tu re , CB 102 .
T h e  en e rg y  levels  an d  m iniband w idths of CB 102 w ere  c a lc u la ted  using  th e  a d a p te d  
v e rs io n  of th e  K ro n ig -P e n n e y  m odel o u tlin ed  in A p p en d ix  A. T h e  e q u a t io n s  in 
A p p en d ix  A w e re  so lv e d  u sin g  a  c o m p u te r  p ro g ra m  w ith th e  re q u ire d  m a te r ia l 
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Tem perature 300 K Band misalignment 60/40
T a b le  5.5.1 P a ra m e te rs  n e c e ssa ry  for u se  in th e  K ron ig -P enney  m odel
F igu re  5 .5 .2  is a  plot of th e  re su lts  o b ta in ed  using  th e  K ro n ig -P en n ey  m o d el. From  
th is  plo t th e  m in iband  w id ths an d  en e rg y  levels, a n d  th u s  e n e rg y  tra n s itio n s  b e tw e e n  
th e  v a le n c e  b a n d  a n d  co nduction  b an d , c a n  b e  d e te rm in e d  a s  su m m a rise d  in T ab le  
5 .5 .3 . B a s ta rd  [1985 F igure 5] h a s  prev iously  c a lc u la ted  th e  w idth of th e  co n d u c tio n  
b a n d  m in ib an d  a s  a  fu n c tio n  of b o th  w ell a n d  b a r r ie r  w id th  a n d  a lu m in iu m  
c o n c e n tra tio n  u s in g  a  tigh t-b in d in g  a n a ly s is .  E s tim a te d  from  h is  r e s u lts ,  fo r an  
alum in ium  c o n c e n tra tio n  of 20  % , th e  m in iband  w idth is 3 5  m eV . A llowing for th e  
d iffe ren ce  in th e  alum inium  co n cen tra tio n , th e  eq u iv a len t v a lu e  c a lc u la te d  h e re  u sing  
th e  K ron ig -P enney  m odel, of 2 4 .4  m eV  is in re a so n a b le  a g re e m e n t.
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F ig u r e  5 .5 .2  c o s  (k) a s  a  function of e n e rg y  o b ta in e d  from  th e  K ro n ig -P en n ey  
m odel for a  su p e rla ttic e  with 50  A w ells  a n d  30  A b a rr ie rs
E1 > Hi AH1 Li AL1 ( m eV  )
7 2 .1 3 2 4 .2 4 7 1 2 .0 3 3 .3 9 1 6 .2 8 2 6 .0 9
T em perature 300 K Band misalignment 60/40
T a b le  5 .5 .3  M iniband e d g e s  a n d  w idths d e te rm in e d  from  F igure  5 .5 .2  for
a  su p e rla ttic e  with period  80 A
U sing th is d a ta  in th e  c o m p u te r p ro g ram  d e sc r ib e d  in A p p en d ix  B th e  a b so rp tio n  
s p e c t r a  of th e  su p e rla ttic e  s tru c tu re  w e re  c a lc u la te d  for v a r io u s  v a lu e s  o f e le c tr ic  
field. T h e  s p e c tra  w e re  n o rm alised  to  g ive th e  s a m e  v a lu e  of ab so rp tio n  in th e  sh o rt 
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F ig u r e  5 .5 .4  T heo re tica lly  c a lc u la te d  ab so rp tio n  s p e c tr a  o f su p e r la tt ic e  CB 102
T h e  c h a n g e  in th e  n o rm alised  ab so p rtio n  sp e c tru m  with in c re a s in g  e lec tr ic  field is 
sh o w n  in F igu re  5 .5 .4 . S p e c tra  a re  sh o w n  for e lec tric  fie ld s  b e tw e e n  10 V /cm  a n d  
1 0 5 V /cm .
T h e  sp e c tru m  for th e  low est e lec tric  field, w hich c a n  b e  e q u a te d  with th e  z e ro  b ia s  
c o n d itio n , is d o m in a te d  by a  tra n s itio n  a t  8 2 7  nm  ( 1 .4 9 9  e V ) .  In c re a s in g  th e  
field slightly  to  1 0 2 V/cm h a s  little effect on  th e  sp e c tru m  e x c e p t for a  red u c tio n  in 
th e  m a g n itu d e  of th e  m ain  tra n s itio n  on  th e  h igh e n e rg y  s id e  of th e  z e ro  b ia s  
a b so rp tio n  e d g e . W hen  th e  field is fu rth e r in c re a s e d  to  103 V /cm  m an y  m o re  n ew  
tra n s itio n s  a re  o b s e rv e d . O n th e  low er e n e rg y  s id e  of th e  z e ro  b ia s  sp e c tru m  th e s e  
re su lt in la rg e r  ab so rp tio n , w hile a  redu c tio n  in a b so rp tio n  ta k e s  p la c e  o n  th e  high 
e n e rg y  s id e .  T h is  c a n  b e  c o m p a re d  to  th e  F ra n z -K e ld y sh  e f fe c t  : in bu lk  
s e m ic o n d u c to rs  m in ib an d s a re  a lso  fo rm ed , of th e  o rd e r  of a  few  eV 's  a n d , on  th e  
a p p lic a tio n  of an  e le c tr ic  field , th e re  is in c re a s e d  a b so rp tio n  a t low er e n e r g ie s  
c o u p le d  with d e c re a s e d  ab so rp tio n  a t h ig h er e n e rg ie s . T h e  la tte r e ffec t is d u e  to  th e
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red u c tio n  in o v e rlap  of th e  e lec tro n ic  w av e fu n c tio n s  a n d  a  sim ilar p ro c e s s  is tak ing  
p la c e  in th e  s u p e r la tt ic e . T h e  w a v e fu n c tio n s  a r e  n o t p re v e n te d  from  tu n n e lin g  
th ro u g h  th e  b a rr ie rs  a n d  so  th e re  is a  red u c tio n  in th e  a m o u n t of o v e rla p  b e tw e e n  
co n d u c tio n  b a n d  a n d  v a le n c e  b a n d  s ta te s .  F u rth e r in c re a s e s  in th e  field a c c e n tu a te  
th is  b eh av io u r, s e e  for ex am p le  104 V /cm . At th e  h ig h e s t e lec tric  fie ld s c o n s id e re d , 
1 0 5 V/cm an d  a b o v e , th e  e ffec t s a tu ra te s  a n d  is o n c e  a g a in  d o m in a te d  by a  s in g le  
ab so p rtio n  e d g e  a t  826  nm . D irect c o m p a riso n s  a re  d raw n  b e tw e e n  th e  e x p e rim en ta l 
o b s e rv a tio n s  a n d  th e s e  th eo re tica l ca lcu la tio n s  in se c tio n  5 .7 , a f te r  th e  e x p e rim e n ta l 
re su lts  h av e  b e e n  d isc u sse d .
5.6 Superlattice CB 102-Experimental results
T h e  tra n sm iss io n  sp e c tra  of th e  su p e rla ttic e  s tru c tu re  w e re  re c o rd e d  a s  o u tlin ed  in 
S ec tio n  3 .4 .
T h e  z e ro  a p p lie d  field  sp e c tru m  is sh o w n  in F ig u re  5 .6 .1  to g e th e r  w ith th e  
sp e c tru m  for an  ap p lied  v o ltag e  of -1 V. If th e  d io d e  is c o n s id e re d  to  h a v e  a  built-in 
p o ten tia l in th e  reg ion  of 1.2 to 1 .4  V th en  th e s e  s p e c tra  c o rre s p o n d  ap p ro x im a te ly  
to  fie lds of 8 .75  x 103 V/cm an d  1.5 x 104 V/cm , re sp ec tiv e ly . From  th e s e  g ra p h s  it 
a p p e a r s  th a t th e  'W an n ie r S ta rk  L adder' re fe rred  to by B le u se  [ 1 9 8 8 ]  is p re s e n t .  
U nlike th o s e  re c o rd e d  for th e  iso la ted  well d e v ic e s , sh o w n  in c h a p te r  3 .5 , th e s e  
s p e c tr a  a re  no t sm o o th  a n d  m any tran s itio n s  a re  p re s e n t  a s  e x p e c te d . T h e  F ran z- 
K eldysh  like b e h a v io u r of th e  su p e rla ttic e  is a lso  p ro m in en t in th e s e  re su lts  with an  
in c re a se  in abso rp tio n  a t e n e rg ie s  below  th e  ze ro  b ia s  ab so rp tio n  e d g e  a n d  a  d e c r e a s e  
in a b so rp tio n  a t  h ig h er e n e rg ie s . T he  m o v em en t of th e  d iffe ren t tra n s itio n s  re s u lts  
in c ro s s o v e r  p o in ts  b e tw e e n  th e  tw o s e t s  of d a ta .  T h u s , d e p e n d in g  o n  w h e re  th e  
s p e c tra  a re  ex am in ed , it m ay  b e  a rg u e d  th a t a  'b lu e  shift' of th e  a b so rp tio n  e d g e  is 
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F ig u r e  5 .6 .1  T ra n sm iss io n  s p e c tra  of CB 102  for a p p lie d  v o lta g e s  of 0 V 
a n d  -1 V
By fu r th e r  in c re a s in g  th e  v o lta g e , a  fu r th e r  in c r e a s e  in a b s o rp tio n  a t  lo n g e r  
w a v e len g th  c a n  b e  s e e n , with a  d e c r e a s e  a t  sh o rt w a v e le n g th s . F igu re  5 .6 .2  sh o w s  
s p e c tra  for a  ra n g e  of app lied  v o lta g e s  : 0 V, -10  V, -20  V a n d  -30  V. T h e  d o m in an t 
tra n s itio n  a t  8 5 2  nm  ( 1 .4 5 5 4  e V ) ,  p r e s e n t  in th e  z e ro  a p p lie d  b ia s  c o n d itio n , 
b e c o m e s  m uch le s s  sh a rp  a s  th e  field is in c re a se d . At w a v e le n g th s  below  th is  v a lu e  a  
d e c r e a s e  in th e  a b so rp tio n  is o b s e rv e d  until th e  h ig h e s t a p p lie d  field  e x a m in e d , 
- 3 0  V ( 2  x 1 0 5 V/cm  ), w h e re  th e  a b so rp tio n  s ta r t s  to  d e c r e a s e .  C o u p le d  with 
th e s e  c h a n g e s  is a n  a p p a re n t sa tu ra tio n  of th e  ab so rp tio n  a t  e n e rg ie s  ju s t low er th a n  
th e  b a n d g a p , th a t is 87 0  nm  ( 1 .4 2 5  e V ). T h e s e  s p e c tr a  c a n  now  b e  c o m p a re d  to  
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F i g u r e  5 .6 .2  T ra n sm iss io n  s p e c tr a  of CB 10 2  a t  a p p lie d  v o lta g e s  of 0 V, 
-10  V, -20 V a n d  -30  V
5 .7  Comparison between theoretical and experimental 
results- CB 102
T h e  re s u lts  for th e  s u p e r la tt ic e  d e v ic e , bo th  th e o re tic a l a n d  e x p e r im e n ta l,  a r e  
sh o w n  in F igure  5.7.1 for th e  z e ro  app lied  b ia s  cond ition  a n d  -1 V. T h e  first o b v io u s  
d iffe ren ce  is th e  w av e len g th  a t w hich th e  tra n s itio n s  ta k e  p la c e . In th e  e x p e rim e n ta l 
c a s e  th e  d o m in a n t tran sitio n  o c c u rs  a t 8 5 0  nm , bu t th eo re tica lly  no  tra n s it io n s  a re  
o b s e rv e d  a t w a v e le n g th s  lo n g er th an  84 0  nm . T his d is c re p a n c y  m ay  h a v e  a r is e n  for 
a  n u m b e r of r e a s o n s ,  th e  m o st likely bein g  th a t th e  well a n d  b a rrie r  w id th s  in lay er 
CB 102 m ay  not actually  c o rre sp o n d  to  th e  d e s ig n . T h is w a s  th e  c a s e  in th e  iso la ted  
well s tru c tu re  w h e re  th e  w ells w ere  ac tua lly  62 A w ide, a lth o u g h  th e  d e s ig n  w a s  for 
5 0  A w ells. C o m p a riso n s  c a n  still b e  m a d e  b e tw e e n  th e  s p e c tra  by  c o n s id e rin g  th e  
e ffec t of ap p lied  e lec tric  fields.
Both spectra under the conditions of 8.75 x 103 V/cm (zero applied bias) exhibit
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m an y  tra n s it io n s  a lth o u g h  it is m o re  difficult to  d e te rm in e  th e  p o s itio n  of th e s e  
tra n s itio n s  from  th e  ex p e rim en ta l d a ta . W hen  th e  e lec tr ic  field is in c re a s e d  slightly  
to  1 .5  x 104 V/cm th e  tra n s itio n s  shift in p o sitio n . D e p en d in g  a t  w hich  w a v e le n g th  
th e  s p e c tra  a re  ex am in ed , th en  th e s e  sh ifts  c a n  a p p e a r  a s  a  b lu e  o r  red  sh ifts  o f th e  
a b so rp tio n  e d g e . T h e  overa ll e ffec t in th e  e x p e rim e n ta l s p e c t r a  is s im ila r to  th e  
F ran z-K eld y sh  effect, th a t is th e  e d g e  a p p e a rs  to  b e n d  lead in g  to a  red u c tio n  of th e  
a b so rp tio n  a t  e n e rg ie s  ju s t  be low  th e  b a n d g a p . A s h ig h e r fie ld s a r e  in d u c e d  in th e  
d e v ic e  th is  e ffec t c o n tin u e s , s e e  F igure 5 .7 .2 , ev en tu a lly  sa tu ra tin g , a s  d is c u s s e d  in 
th e  p re v io u s  s e c tio n . T h e  th e o re tic a l d a ta  a lso  ex h ib it s im ila r s a tu ra t io n  a t  fie ld s  
g re a te r  th a n  2 0 0  000  V/cm . T h e  th eo re tica l d a ta  sh o w s  a  red u c tio n  in th e  n u m b e r of 
tran s itio n s  a t su c h  fields bu t th is effect is not so  e a s y  to  s e e  in th e  ex p e rim en ta l d a ta .
T h e  m ain co n c lu s io n s  w hich c an  b e  draw n b e tw een  th e  tw o s e ts  of d a ta  a re  th a t, a s  a  
re su lt of th e  coupling  to g e th e r  of w ells, a  'W an n ier S ta rk  L ad d er' is fo rm ed  th e  effect 
o f w hich c a n  b e  s e e n  in bo th  th e  th eo re tica l a n d  e x p e rim e n ta l a b so rp tio n  s p e c tra .  
A lthough sa tu ra tio n  o c c u rs  a t sim ilar fie lds in bo th  th e  e x p e rim e n ta l a n d  th e o re tic a l 
s p e c t r a  (2 0 0  0 0 0  V /cm ), a  d e ta ile d  co rre la tio n  of f e a tu r e s  in th e  tw o s p e c t r a  is 
difficult to  m ak e .
T h e  la rg e s t  a b so rp tio n  c h a n g e s  d u e  to  th e  ap p lica tio n  of th e  e le c tr ic  field  a re , 
h o w e v e r , m u ch  sm a lle r  th a n  d e s ir e d  w ith a  m ax im u m  v a lu e  o f 1 0 7 4  c m '1 a t  
8 3 2  nm . To in c re a se  th e  ab so rp tio n  c h a n g e s  a n o th e r  well g e o m e try  w a s  in v e s tig a te d  
b o th  ex p erim en ta lly  a n d  theo re tica lly . T h e  p rob lem  w ith th e  su p e r la tt ic e  is th a t th e  
e le c tro n ic  w av e fu n c tio n s  a re  free  to  tu n n e l th ro u g h o u t th e  w ho le  s tru c tu re , lead in g  
to  little o v erlap  b e tw e e n  th o s e  in th e  conduction  b a n d  a n d  th o s e  in th e  v a le n c e  b a n d . 
T h u s  a  new  d e s ig n , while still exploiting th e  coupling  b e tw e e n  w ells , sh o u ld  inc lude  a  
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Figure 5.7.1 C o m p a r is o n  b e tw e e n  th e o r e t i c a l  a n d  e x p e r im e n ta l  
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F i g u r e  5 .7 .2  C o m p a r i s o n  b e tw e e n  t h e o r e t i c a l  a n d  e x p e r im e n ta l  
e le c tro a b so rp tio n  re su lts  for h igh a p p lie d  e le c tr ic  fie ld s
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5.8 Theory of coupled quantum wells - Pairs of wells
A s e c o n d  c o u p le d  well s tru c tu re  w a s  d e s ig n e d  in w hich only  a d ja c e n t  p a irs  of w ells 
w e re  c o u p le d . In th is  c a s e  th e  tw o w e lls  c a n  c o u p le  th ro u g h  a  th in  b a r r ie r  
( < 4 0  A ) b u t a r e  is o la te d  from  n e ig h b o u rin g  p a ir s  o f w e lls  by  th ic k  b a r r ie r s  
( > 4 0  A ). A gain  s u b -b a n d s  a re  fo rm ed  a s  th e  tw o w ells  a r e  c o u p le d  to g e th e r  b u t 
th is  tim e th e  ex c ito n ic  e ffe c ts  a re  e n h a n c e d  by th e  iso la tio n  of th e s e  p a irs . T h is  
localiz ing  of th e  tu n n e lin g  w a v e fu n c tio n s  s e r v e s  to  e n h a n c e  th e  'b lu e  sh ift'. T h e  
e n e rg y  le v e ls  sp lit in to  th o s e  c o r re s p o n d in g  to  s y m m e tr ic  a n d  a n tis y m m e tr ic  
w av efu n c tio n s a s  d e sc r ib e d  below .
In a n  iso la te d  q u a n tu m  well s tru c tu re  th e  e ffec t o f app ly ing  a n  e le c tr ic  field is to 
re d u c e  th e  conduction  a n d  v a le n c e  b a n d  e n e rg ie s  a n d  th e  2D exciton  binding e n e rg ie s . 
In a  p a ir  of c o u p le d  q u a n tu m  w ells , h o w e v e r , th e  sp lit le v e ls  o f th e  c o u p le d  
e lec tro n ic  s ta te s  m ove in o p p o s ite  d irec tio n s a s  a  function  of a p p lied  field, lead in g  to 
s e v e ra l  ex c ito n  tra n s itio n s  w hich sh ift rap id ly  to  low er o r  h ig h e r  e n e r g ie s  a s  th e  
fie ld  is in c r e a s e d .  [ C h e n  1 9 8 7  ]
T h e  b e h av io u r of th e  e lec tro n ic  lev e ls  in a  pa ir of c o u p le d  w ells  is sh o w n  in F igure  
5 .8 .1 , bo th  with a n d  w ithout an  e lec tric  field. In th e  a b s e n c e  of a n  e le c tr ic  field only  
tran s itio n s  b e tw e e n  e lec tro n  a n d  hole s ta te s  of th e  s a m e  sy m m etry  ( S  ) a re  a llow ed , 
i.e . 1 ,3 ,6 ,8 . O n th e  app lica tion  of an  e lec tric  field, th e  w av efu n c tio n  sy m m e tr ie s  a re  
d is to rte d , a n d  all tra n s itio n s  b e c o m e  allow ed , th u s  2 ,4 ,5 ,7  a re  no w  a llo w ed . T h e s e  
tra n s itio n s  (2 ,4 ,5 ,7 ) e x p e r ie n c e  th e  reg u la r Q C S E  a n d  a re  only  w eak ly  a ffe c te d  by 
th e  coup ling , w hile th e  e n e rg ie s  of 1 an d  3 d e c re a s e  m uch  m o re  rapidly  with e lec tric  
field a n d  6 a n d  8 in c re a se  m uch m ore rapidly.
A lthough th e  effec t is d e sc r ib e d  a s  a  'b lu e  shift', th e  ab so rp tio n  e d g e , sy n o n y m o u s  
w ith th e  lo w e s t tra n s itio n  ( e ^ h h ^  a c tu a lly  m o v e s  to  low er e n e r g ie s  th u s  'r e d  
sh ifting '. T h is is a  rap id  shift, w ith re s p e c t  to  th e  ap p lied  field, a n d  th e re  is a ls o  an  
a s s o c ia te d  la rg e  d e c r e a s e  in o sc illa to r  s tre n g th  of th is  tra n s i t io n , d u e  to  th e  
redu c tio n  in o v e rlap  of th e  w av efunc tions. T h e re fo re  e v e n  a t  low ap p lied  v o lta g e s  th e  
tran sitio n  is q u e n c h e d  a n d  is not c learly  o b s e rv e d  in th e  a b so rp tio n  s p e c tru m . T h u s  
th e  n e x t lo w est tra n s itio n , e - |-h h 2 (an tisy m m etric ), w hich  e x h ib its  a n  in c r e a s e  in 
a b s o rp tio n  w ith a p p lie d  field  is re s p o n s ib le  for th e  a p p a r e n t  b lu e  sh ift of th e
146
a b so rp tio n  e d g e . T h e re fo re  it is th e  e ffec t of th e  e lec tric  field on  th e  h ig h e r a llo w ed  
tra n s itio n s  w hich d o m in a te s  th e  ab so rp tio n  sp e c tru m .
S ing le  C oupled  D ouble
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-8-1
E le c t r i c  F ie ld  = 0
E le c t r i c  F ie ld  > 0
F i g u r e  5 .8 .1  T h e  e ffec t of a n  e lec tric  field o n  th e  e n e rg y  lev e ls  in a  p a ir  of 
c o u p le d  q u a n tu m  w e lls  ( a f te r  C h e n  1 9 8 7  )
In th e  c o u p le d  w ells th e  w av efu n c tio n s b e c o m e  s h a re d  b e tw e e n  bo th  w ells  a n d  th en  
mix in a  bond in g  or an ti-bond ing  m ode , s e e  F igure 5 .8 .2 . T h e  e n e rg y  b a n d  s tru c tu re  
of th e  w ells  c a n  b e  a d ju s te d  by app ly ing  an  e lec tr ic  field to  tilt th e  b a n d s .  O n th e  
app lica tion  of an  e lec tric  field in th e  sy m m etric  c a s e  th e  ho le  a n d  e lec tro n  a re  fo rced  
in o p p o s ite  d irec tio n s  a n d  th e re  is a  redu c tio n  in th e  o v e rla p  of th e  w a v e fu n c tio n s . 
C Q W 's c a n  b e  d e s ig n e d  to  o b ta in  a  la rg e  ab so rp tio n  c h a n g e  by vary ing  th e  o v e rla p  
b e tw e e n  th e  e lec tro n  a n d  hole  w av efu n c tio n s u sin g  th e  e lec tr ic  field. In princ ip le  th e  
re d u c tio n  in th e  o v e rla p  with th is  kind of s tru c tu re  m ay  b e  la rg e r  th a n  th a t  o f a  
c o m p a ra b le  re c ta n g u la r  w ell, a s  a  function  of ap p lied  e lec tric  field.
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S y m m etric  m o d e  A n ti-sy m m e tric  m o d e
F ig u re  5 .8 .2  C oupling of th e  electron ic  w avefunction  in a  pair of co u p led  w ells
5 .8 .1  E n e r g y  le v e l s  in  p a i r s  o f  c o u p le d  w e l l s
A lthough th e  K ron ig -P en n ey  m odel c a n  ap p lied  in th e  su p e r la ttic e  c a s e  w h e re  th e re  
is a  finite b u t la rg e  n u m b er of w ells it d o e s  no t apply  to  th is  c a s e  with only tw o w ells 
co u p led . T h e  m ethod  to  ca lcu la te  th e  en e rg y  levels  for p a irs  of w ells w a s  p ro p o se d  a n d  
c a rrie d  o u t by J a m e s  W hiteaw ay  of S T C  T ech n o lo g y  ( p riv a te  co m m u n ica tio n  ). T h is 
involved am en d in g  a  finite d iffe rence  p ro g ram  p rev iously  u s e d  to c a lc u la te  w a v e g u id e  
p a ra m e te rs . T h e  re su lts  of th is ca lcu la tion  a re  p re s e n te d  la te r  in th e  c h a p te r .
5.9 Literature review : Coupled quantum wells
A lim ited a m o u n t of th e o re tic a l a n d  e x p e rim e n ta l w ork h a s  b e e n  c a r r ie d  o u t  on  
p a irs  of c o u p le d  w ells. Early w ork w a s  ca rried  o u t in w a v e g u id e  s tru c tu re s  : Islam  e t 
a l [ 1 9 8 7 ]  d e m o n s t r a te d  a n  e le c tro a b s o rp t io n  w a v e g u id e  m o d u la to r  w ith  a  
m o d u la tio n  d e p th  of 14 :1 , w hich c o n s is te d  o f tw o 4 6  A w ells  c o u p le d  th ro u g h  a  
1 1 .5  A b a rrie r . T h is  p e rfo rm a n c e  w a s  a c h ie v e d  by sw itch in g  th e  a p p lie d  v o lta g e  
b e tw e e n  1 .1 V  a n d  -2 .4  V .
C o u p led  d o u b le  q u an tu m  w ells (C D Q W ) w e re  a lso  in v e s tig a te d  by C h e n  [ 1 9 8 8 ]  
Both in traw ell a n d  interw ell exciton  tra n s itio n s  w e re  o b s e rv e d , a s  p re d ic te d  by th e  
th eo ry  o u tlined  in S ec tio n  5 .8 . P h o to lu m in e sc e n c e  (PL) a n d  PL ex c ita tion  te c h n iq u e s  
w e re  em p lo y ed  to  in v e s tig a te  a  s in g le  pa ir of 75  A G aA s w ells  c o u p le d  th ro u g h  an  
18 A AI0 2 7 G a o 73 A s b a rrie r. An ex te rn a l field w a s  a p p lie d  to  c o u n te ra c t  th e  built- 
in field of th e  d io d e . T h e  tran s itio n s  d e sc r ib e d  in S e c tio n  5 .8  cou ld  b e  o b s e rv e d  for
th is  z e ro  b ia s  co n d itio n . O n th e  a p p lic a tio n  of a n  e le c tr ic  fie ld , th e  p re v io u s ly  
fo rb id d en  tra n s itio n s  w e re  o b s e rv e d  in th e  a b so rp tio n  s p e c t r a .  It w a s  fo u n d  th a t  
coup ling  th e  e lec tro n ic  lev e ls  in th e  s tru c tu re  led  to a n  e n h a n c e m e n t  o f th e  q u a n tu m - 
co n fin ed  S ta rk  e f f e c t , p roducing  en e rg y  sh ifts  a s  m u ch  a s  5  tim e s  g re a te r  th a t o f th e  
s in g le  q u an tu m  well c a s e  for th e  s a m e  ap p lied  field.
C o u p le d  w ell s tru c tu re s  h a v e  a lso  v e ry  re c e n tly  b e e n  in v e s t ig a te d  by A tk inson  
[ 1 9 9 0 ] .  A G aA s/A IG aA s s t ru c tu re  c o n ta in in g  5 p a ir s  o f 5 0  A w e lls  c o u p le d  
th ro u g h  15 A b a r r ie r s  w a s  in v e s tig a te d  th e o re tic a lly  a n d  e x p e r im e n ta lly . A low  
e le c tr ic  field  (40  kV /cm ) q u e n c h e d  th e  g ro u n d  s t a te  tra n s itio n  a n d  th e  e . , - h h 2 
t r a n s i t io n  in c re a se d  in m agnitude .
5.10 Pairs of quantum wells layer design-CB 184
T o im p ro v e  u p o n  th e  p e r fo rm a n c e  o f CB  1 0 2 , th e  in tr in s ic  re g io n  o f th e  
su p e r la tt ic e  w a s  m odified . T h is involved  localiz ing  th e  w a v e fu n c tio n s  by  con fin ing  
th e m  to  on ly  tw o w ells  a n tic ip a tin g  th a t  a  m o re  p ro m in e n t 'b lu e  sh if t ' o f th e  
ab so rp tio n  e d g e  w ould  b e c o m e  visib le. T h e  lay e rs  w e re  th e re fo re  m odified  to c o n ta in  
p a irs  of iso la ted  w ells a s  show n  in F igure 5 .1 0 .1 .
CQW region : CB 184
AIGaAs 30% 50 A
GaAs 50 A x 100
AIGaAs 30% 30 A
GaAs 50 A
F ig u re  5.10.1 P airs  of co u p led  w ells layer CB 184
5.11 Theoretical modelling of the absorption spectra of 
CB 184
T h e  m odelling  of a b so rp tio n  s p e c tr a  for p a irs  o f c o u p le d  w ells  is e s se n tia l ly  th e  
s a m e  a s  th a t  for th e  s u p e r la tt ic e  s tru c tu re . T h e  z e ro  fie ld  e n e rg y  le v e ls  w e re  
o b ta in e d  by a  d iffe ren t m e th o d  a s  p rev io u sly  d is c u s s e d  in S e c tio n  5 .8 .1 , a n d  th e
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re su lts  a re  p re s e n te d  in T ab le  5 .1 1 .1 . T h e s e  v a lu e s  w e re  th en  u s e d  in th e  c o m p u te r  
p ro g ram  b a s e d  on w ork by B leu se , d e sc r ib e d  in A ppend ix  B, w hich  w a s  a d a p te d  to 
m odel th e  b e h a v io u r  of only 2 w ells. It is a s s u m e d  th a t  th is  m o d e l is va lid  for th is  
s tru c tu re  a s  e a c h  p a ir o f w ells is c o n s id e re d  to  b e  iso la te d  by th ick  e n o u g h  b a rr ie rs  
to  p re v e n t  c o u p lin g  b e tw e e n  n e ig h b o u rin g  p a ir s . T h e  o n ly  d if fe re n c e  b e tw e e n  
m odelling  o n e  pa ir o f w ells, a n d  th e  e x p e rim e n ta l s tru c tu re  w hich  c o n ta in e d  100  
p a irs  o f w ells will th e n  b e  th e  m ag n itu d e  of th e  ab so rp tio n  coeffic ien t.
W ell B a r r i e r Effective M ass E xciton  T ra n s itio n
W id th W id th E le c tro n  H eavy hole Light ho le H eavy L igh t
A A *m 0 *m 0  *m 0 eV nm  eV nm
5 0 3 0 0 .0 6 7  0 .0 8  0 .4 5 1 .5 1 4  8 1 9 .0  1 .5 4 6  8 0 2 .2
Tem perature 300 K Band misalignment 60/40
T a b le  5.11.1 C alcu lations of en erg y  levels in th e  p a irs  of co u p led  w ells 
( a f te r  W h ite a w a y  )
T h e  m o d e lled  ab so rp tio n  s p e c tra  for a  ra n g e  of e lec tric  fie ld s a r e  sh o w n  in F igu re  
5 .1 1 .2 . F o r a  low e le c tr ic  field of 10 V /cm  th e re  is on ly  o n e  tra n s it io n  in th e  
w a v e le n g th  reg io n  (780  nm  - 850  nm ), c o rre sp o n d in g  to  th e  e 1- h h 1 tra n s itio n  a t 
821 nm  a n d  in c re a s in g  th e  e lec tr ic  field by a  fa c to r  of 10 h a s  no  e ffe c t o n  th e  
s p e c tru m . A fu r th e r  in c re a s e  to  1 0 0 0  V /cm  re s u l ts  in a  n e w  tra n s itio n  a t  a  
w a v e le n g th  ju s t  b e lo w  821 nm , with th e  orig inal tra n s itio n  re d  sh ifting  sligh tly . 
T h e  e x is te n c e  of th e s e  new  tran s itio n s  is ex p la in ed  in S ec tio n  5 .8 . W h en  th e  field is 
a s  high a s  10 00 0  V/cm m an y  tra n s itio n s  c a n  b e  o b s e rv e d  in th e  sp e c tru m  a n d , a s  
with th e  su p e rla ttic e , d e p e n d in g  on  w h e re  th e  s p e c tra  a re  e x a m in e d  b lu e  sh ifts  o r 
re d  sh if ts  o f th e  a b so rp tio n  s p e c tr a  a re  o b s e rv e d . It is a ls o  p o s s ib le  to  s e e  th e  
red u c tio n  in th e  o sc illa to r s tre n g th  of th e  o rig inal e 1- h h 1 tra n s it io n , w h ich  is th e  
lo w e s t e n e rg y  tra n s itio n  of th is  s p e c tru m . T h e  e f fe c t th e n  s a tu r a t e s  b e tw e e n  






1 000 V/cm 
10 000 V/cm 







850830 840780 790 810 820800
Wavelength ( n m )
F ig u re  5 .1 1 .2  T heoretical m odelling of abso rp tio n  s p e c tra  of layer CB 184
5.12 Pairs of wells CB 184-Experimental results
P h o to c u rre n t s p e c t r a  of s a m p le  C B 1 8 4  w e re  a c q u ire d  r a th e r  th a n  tra n s m is s io n  
s p e c tra . T ra n sm iss io n  m e a s u re m e n ts  co u ld  no t b e  m a d e  a s ,  on  th e  rem o v a l o f th e  
s u b s t r a te  by  c h e m ic a l w e t-e tc h in g  c le a v e s  a p p e a r e d  in th e  re m a in in g  e p ita x ia l 
la y e rs , a s  sh o w n  in P ic tu re s  5.1 a n d  5 .2 , a n d  it w a s  im p o ss ib le  to  m a k e  e lec tr ica l 
c o n ta c ts  to th em . No su c h  prob lem  o c c u re d  b e fo re  th e  s u b s tra te  w a s  re m o v e d  a n d  so  
p h o to c u r re n t  s p e c t r a  w e re  r e c o rd e d . T h is  p h o to c u r re n t  d a ta  w a s  s u b s e q u e n t ly  
n o rm a lis e d  b y  m u ltip ly ing  by  th e  p h o to n  e n e r g y  a n d  th e n  c o n v e r t in g  in to  
tra n s m is s io n  s p e c tr a ,  by e s tim a tin g  a  m ax im um  v a lu e  o f a b s o rp tio n , to  a llow  a  
rea lis tic  e s tim a te  of th e  c o n tra s t ratio  to  b e  m a d e .
A forw ard  b ia s  w a s  p la c e d  on  th e  d ev ice  in a tte m p t to  c o u n te ra c t th e  built-in v o ltag e  
of th e  d io d e , th u s  ach iev ing  a  tru e  z e ro  b ia s e d  cond ition , h o w e v e r  th e  p h o to c u rre n t 
sp e c tru m  w a s  d is to rted  to  su c h  an  e x te n t by th is  p ro c e s s  th a t no  s e n s ib le  d a ta  cou ld  
b e  re c o rd e d . S p e c tra  w e re  a lso  re c o rd e d  from  z e ro  ap p lied  b ia s  dow n  to  a n  ap p lied  
v o lta g e  of -1 V bu t th e  z e ro  b ia s  cu rv e  did  no t c h a n g e  until th e  la tte r  v o lta g e  w a s
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mMSi
P h o t o g r a p h  5.1 T he  epitaxial layers  of CB 184 after the  rem oval of the  s u b s t r a te  
A rea show n is at the  e d g e  of the crystal
P h o to g r a p h  5 .2  T h e  epitaxial layers  of CB 184 after the  rem oval of the  su b s t ra te  
A rea  show n is at the  cen tre  of the crystal
reach ed .
T h e  c a lc u la te d  low v o lta g e  tra n sm iss io n  s p e c tr a  a re  sh o w n  in F ig u re  5 .1 2 .1 . T h e  
m ain  tra n s itio n , c o rre sp o n d in g  to  th e  e 1- h h 1 tran s itio n  in th e  z e ro  a p p lie d  v o lta g e  
cu rv e , o c c u rs  a t  81 4  nm . O n th e  ap p lica tio n  of a  v o lta g e  of -1 V to  th e  d e v ic e  an  
e ffec tiv e  'b lu e  sh ift' of th e  a b so rp tio n  e d g e  ta k e s  p la c e . T h e  m ain  tra n s itio n  now  
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F i g u r e  5 .1 2 .1  T ra n sm iss io n  s p e c tra  of CB 18 4  o b ta in e d  from  p h o to c u rre n t 
re su lts  for 0 V a n d  -1 V
T h e  ap p lied  v o ltag e  w a s  th e n  in c re a se d  to -2 V, a s  sh o w n  in F igu re  5 .1 2 .2 . It c a n  
now  b e  o b s e rv e d  th a t th e  a b so rp tio n  e d g e  is no  lo n g e r c le a rly  sh if te d  to  h ig h e r 
e n e rg ie s  b u t is s ta rtin g  to  shift in th e  low e n e rg y  d irec tio n . Tw o r e a s o n s  c a n  b e  
o ffe re d  for th is : th e  first is th a t  m an y  m o re  tra n s it io n s  a re  now  a llo w ed  a n d  th e  
m e a su rin g  a p p a ra tu s  is no t sen s itiv e  e n o u g h  to d isc rim in a te  b e tw e e n  th e s e ,  a n d  th e  
s e c o n d  is th a t th e  b a n d  b end ing  e ffec t d e sc r ib e d  by th e  F ran z-K eld y sh  e ffec t is o n c e  
m ore  taking p lace . T h e  h ig h es t ab so rp tio n  now  o c c u rs  a t a  w av e len g th  of 8 0 9  nm  red
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shifted by 3 nm from that of the the -1 V spectrum.
F u rth e r  in c re a s in g  th e  r e v e r s e  v o lta g e  to  -3  V r e s u lts  in re m o v a l o f th e  'b lu e  
sh ift'. F rom  F ig u re  5 .1 2 .3  it c a n  b e  s e e n  th a t  th e  a b s o rp tio n  e d g e  in th e  -3  V 
sp e c tru m  a n d  in th e  z e ro  ap p lied  b ia s  o c c u r  a t ap p ro x im ate ly  th e  s a m e  w a v e le n g th  
w ith th e  m ain  tra n s itio n  now  o ccu rrin g  on  th e  low  e n e rg y  s id e  of th e  z e ro  b ia s  
cond ition  a t 811 nm . T h e re  is a lso  a  reduc tion  in th e  s tre n g th  of th e  m ain  a b so rp tio n  
p e a k  for a  b ia s  of -3 V.
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F ig u re  5 .12 .3  T ran sm issio n  sp e c tra  of CB 184 a t 0 V an d  -3 V
T h e  red  sh ift o f th e  m ain  ab so rp tio n  tran sitio n  c o n tin u e s  a s  th e  r e v e r s e  v o lta g e  is 
fu r th e r  in c re a s e d  ( s e e  F ig u re  5 .1 2 .4 ) , a lth o u g h  a s  in th e  p re v io u s  s p e c t r a  it is 
difficult to  positive ly  identify  th e  v a r io u s  tra n s it io n s  from  th e s e  c u rv e s .  T h e  p e a k  
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F ig u re  5 .1 2 .4  T ransm ission  sp e c tra  of CB 184 for 0 V a n d  -8 V
5 . 1 3 Comparison between experimental and theoretical 
results-CB 184
A s with th e  su p e rla ttic e  re su lts , in o rd e r  to  c o m p a re  th e  e x p e rim e n ta l re s u lts  with 
th e  c o m p u te r  m odel it is n e c e s s a ry  to  c a lc u la te  th e  a c tu a l e lec tric  field in th e  d io d e  
inc lud ing  th e  built-in v o lta g e . T h e  built-in v o lta g e  w a s  o n c e  m o re  a s s u m e d  to  b e  
1.4  V, c o rre sp o n d in g  to an  e lec tric  field of 7 8 0 0  V/cm  in th e  d io d e  a t z e ro  ap p lied  
e le c tr ic  field .
In F igu re  5 .13 .1  th e  th e o re tic a l s p e c tra  c o rre sp o n d in g  to  ap p lie d  v o lta g e s  of -1 V 
a n d  0 V a re  sho w n . T h e s e  c a n  b e  directly c o m p a re d  to th e  re su lts  p re s e n te d  in F igure 
5 .1 2 .1 .  O n e  in te re s t in g  f e a tu re  of th e  th e o re t ic a l  c u rv e  is  th a t  m a n y  m o re  
tr a n s i t io n s  e x is t  fo r th e  h ig h e r  e le c tr ic  fie ld  c o n d itio n  th a n  th e  lo w e r. T h e  
w a v e le n g th s  a t  w hich  tra n s it io n s  o c c u r  in b o th  th e  th e o re tic a l a n d  e x p e r im e n ta l 
re su lts  a g re e  m o re  c lo se ly  th an  in th e  c a s e  of th e  su p e rla ttic e  re su lts . For e x a m p le , 
c o n s id e r  th e  0 V cond ition  for b o th  s e t s  of d a ta .  T h eo re tica lly  tra n s itio n s  o c c u r  a t 
8 1 0 , 821 a n d  83 4  nm . In th e  e x p e rim e n ta l re s u lts  t ra n s it io n s  o c c u r  a t  8 0 8 , 8 1 4  
(bo th  c le a r  tra n s itio n s) , 8 2 2  a n d  8 2 6  nm  (n e ith e r  of w hich  a re  v e ry  w ell d e fin e d ).
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T h e re  is th e re fo re  s o m e  a g re e m e n t  b e tw e e n  th e  tw o  s e t s  o f d a ta .  A c le a r e r  
co m p ariso n  c a n  b e  m a d e  by co n sid e rin g  th e  c ro s s o v e r  p o in ts  b e tw e e n  th e  s p e c tra  for 
0  V a n d  -1 V. In b o th  th e  ex p e rim en ta l a n d  th e o re tic a l s p e c tr a  th e re  is a  c ro s s o v e r  
p o in t a t  811 nm  w h e re  th e  h ig h e r e le c tr ic  field c u rv e  e x p e r ie n c e s  le s s  a b so rp tio n  
th a n  th e  low er. In ad d itio n  h o w e v e r  th e  th e o re t ic a l  c u rv e  c o n ta in s  m a n y  m o re  
c ro s s o v e r  p o in ts  th a n  th e  e x p e rim e n ta l o n e . Finally if th e  s iz e  of th e  b lu e  sh ift is 
o b s e rv e d  for th e  th e o re tic a l re su lts  th e n  th e re  is a  'b lu e  sh ift' from  8 1 0  nm  to  8 0 7  
nm  a n d  a lso  821 nm  to  814  nm . E xperim enta lly  th e re  is a  'b lu e  shift' from  8 1 4  nm  
to  80 6  nm  a n d  a lso  from  822  nm to  8 1 4  nm . It c a n  th e re fo re  b e  c o n c lu d e d  th a t th e re  
is r e a s o n a b le  a g re e m e n t b e tw e e n  theo ry  a n d  ex p erim en t.
T h e  h ig h e s t e le c tr ic  field ex p erim en ta lly  in v e s tig a te d  for th is  s tru c tu re  w a s  5 .2  x 
1 0 4 V/cm  (8 V) a n d  th e  d e v ic e  b eh a v io u r is now  d o m in a te d  by a  're d  shift' of th e  
a b so rp tio n  e d g e  w hich  is no t p re d ic te d  th eo re tica lly . T h e o re tic a lly  tra n s itio n s  e x is t 
only  a t tw o w a v e le n g th s , nam ely  8 5 8  nm  a n d  821 nm  b u t ex p e rim en ta lly  th e re  is a  
tra n s itio n  a t  8 1 5  nm  a n d  p o ss ib ly  a lso  a t  8 2 4  nm . In th e  e x p e r im e n ta l d a ta  a  
p o s s ib le  'b lu e  sh ift' e x is ts  from  8 1 7  nm  to  8 0 8  nm  b u t th e  s p e c tru m  is d o m in a te d  
by  a  re d  shift b e tw e e n  82 4  nm  a n d  8 2 7  nm . In th e  th e o re tic a l d a ta  th e re  a r e  'b lu e  
sh if ts ' from  8 3 4  nm  to  821 nm  a n d  81 0  nm  to  a  non  d e te rm in e d  w a v e le n g th . Tw o 
re d  s h if ts  a r e  a ls o  p r e s e n t ,  from  8 1 0  nm  to  821 nm  a n d  8 3 4  nm  to  8 5 8  nm . 
T h u s  is little a g re e m e n t b e tw e e n  th e  p re d ic te d  th eo re tica l re su lts  a n d  th o s e  o b ta in e d  
e x p e rim e n ta lly  for th is  e le c tr ic  field.
T h e  th e o re tic a l m odel sh o w s  sa tu ra tio n  a t e lec tric  fie ld s  low er th a n  th e  m ax im um  
field a p p lie d  to  th is  d e v ic e  (> 25  0 0 0  V /cm ). A bove  th is  field  h o w e v e r  th e  Q C S E  
still o p e ra te s  w hich th e  m odel d o e s  not a c c o u n t for. From  th e  e x p e rim e n ta l re su lts  it 
w ould  a p p e a r  th a t  it is th e  Q C S E  w hich  is o ccu rrin g  a t  th e  h ig h e r  e le c tr ic  field  
v a lu e s .
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Figure 5.13.1 T h e o re tic a l a b so rp tio n  s p e c t r a  of C B  1 8 4  c o r re s p o n d in g  to  
0 V a n d  -1 V
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Figure 5.13.2 Theoretical absorption spectra of CB 184 corresponding to
0 V and -8 V
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E xperim enta lly  th e  b lue shift of th e  ab so rp tio n  e d g e  s a tu ra te s  for an  a p p lie d  v o ltag e  
o f -3  V (24  0 0 0  V /cm ), a s  sh o w n  in F igu re  5 .1 3 .4 . A s im ila r e ffe c t is  p re d ic te d  
by th e  th eo re tica l m odel a t th is  field, a s  sh o w n  in F igure  5 .1 3 .3 . T h e  th e o re tic a l z e ro  
b ia s  s p e c tru m  (7 8 0 0  V /cm ) is v e ry  s im ila r to  th a t  o f 2 4  0 0 0  V /cm  s p e c tru m . 
T h e  s a m e  n u m b e r of tran s itio n s  a re  p re s e n t, w hich d o e s  no t o c c u r  for fie lds a b o v e  o r 
b e lo w  2 4  0 0 0  V /cm , a n d  th e s e  tra n s itio n s  ta k e  p la c e  a t  w a v e le n g th s  c lo s e  to  th o s e  
e x h ib ite d  by  th e  z e ro  b ia s  co n d itio n . It is th e re  r e a s o n a b le  to  a s s u m e  th a t  th e  
b e h a v io u r  of th e  e x p e rim e n ta l re s u lts  a re  a c c u ra te ly  p re d ic te d  by  th e  th e o re tic a l 
m odel a t  th is  v a lu e  of e lec tric  field.
T h e  s im p le  m o d e l u s e d  a d e q u a te ly  p re d ic ts  th e  b e h a v io u r  of th e  c o u p le d  w ell 
s t ru c tu re ,  p a rtic u la rly  a t  fie ld s  < 24  0 0 0  V /cm . E v en  a t  h ig h e r  f ie ld s  th e r e  a r e  
s im ila ritie s  b e tw e e n  th e  th e o re tic a l a n d  e x p e rim e n ta l re s u lts .  T h e  re d  sh ift d u e  to  
n o rm al S ta rk  sh ift a t th e  h ig h e s t field  in v e s tig a te d  5 .5  x 104 V /cm , c o u ld  n o t b e  
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5.14 Contrast ratio of CB 184
T h e  e x p e rim en ta l s p e c tra  of S ec tio n  5 .1 3  w e re  u s e d  to  e s tim a te  th e  c o n tra s t  ratio  
w hich  w ou ld  b e  o b ta in e d  from  a n  e le c tro a b so rp tio n  m o d u la to r  fa b r ic a te d  from  a  
s t ru c tu re  c o n ta in in g  1 0 0  p a ir s  o f c o u p le d  w e lls . A s p re v io u s ly  d e s c r ib e d  th e  
p h o to c u rre n t s p e c tra  w ere  tra n sfo rm e d  into tra n sm iss io n  s p e c tr a  a n d  th e  la tte r  u s e d  
to  e s t im a te  th e  o p tica l c o n tra s t  ra tio  for v a r io u s  v a lu e s  of e le c tr ic  fie ld . A few  
e x a m p le s  of th is  a re  p re s e n te d  in th is  sec tio n . T h e  aim  of th e  c o u p le d  well s tru c tu re s  
w a s  to o b ta in  a  high c o n tra s t ratio d ev ice  using  a  low drive v o lta g e . F igu re  5 .14 .1  is 
a  plot o f th e  c o n tra s t  ratio  o b ta in e d  b e tw e e n  0 V a n d  -1 V for CB 184 . It is p o ss ib le  
to  s e e  th a t  th e  aim  of th e  ex p e rim e n t h a s  b e e n  fulfilled w ith a  m ax im um  c o n tra s t  
ratio  of 7.5:1 (8 .7  dB) being  o b ta in e d  for th is  v o lta g e  a t  a  w a v e le n g th  of 8 1 4  nm . 
T h is  v a lu e  of op tica l c o n tra s t  is very  se n s itiv e  to  th e  m ax im um  v a lu e  of a b so rp tio n  
c h o s e n  to co n v e rt th e  p h o to c u rre n t s p e c tra  a n d  m ay , in fac t, b e  a n  u n d e re s tim a te . 
M axim um  c o n tra s t  o c c u rs  a t th e  position  of th e  a b so rp tio n  p e a k  for th e  z e ro  b ia s  
sp e c tru m  a n d  th e re fo re  a  d e v ic e  sw itch ed  b e tw e e n  0 a n d  -1  V w ou ld  o p e r a te  in 
norm ally  off m o d e .
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Figure 5.14.1 Contrast ratio between 0 V and -1 V spectra for CB 184
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In c reas in g  th e  v o ltag e  to  -2 V re su lts  in a  slightly re d u c e d  c o n tra s t  ratio  of 6.5:1 a t 
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F ig u re  5 .1 4 .2  C o n trast ratio b e tw een  0 V a n d  -2 V sp e c tra  for CB  184
At h ig h e r a p p lie d  v o lta g e s , a f te r  th e  b lu e  e ffec t h a s  s a tu ra te d , th e re  is m ax im um  
c o n tra s t  o f 5:1 a t  a n  a p p lie d  re v e r s e  v o lta g e  of -8 V (F ig u re  5 .1 4 .3 ) . T h is  tim e  
h o w e v e r  th e  w a v e le n g th  providing th is  c o n tra s t  is 8 0 5  nm . T h e  c o n tra s t  o f 2.4:1 
occu rrin g  a t 8 2 0  nm is no t a s  se n s itiv e  to  th e  v a lu e s  u s e d  in th e  c a lcu la tio n  a n d  a  
d e v ic e  o p e ra te d  a t th is  w av e len g th  w ould  w orks in a  norm ally  o n  m o d e . T h is  d e v ic e  
h a s  th e  p o ten tia l to  o p e ra te  a t  m uch  low er v o lta g e s  th a n  th e  iso la te d  well s tru c tu re  
w hile still p rov id ing  co m p e titiv e  c o n tra s t  ra tio s .
T h e  in se rtio n  lo ss  for th e  d e v ic e  o p e ra tin g  a t  -1  V in tra n s m is s io n  c a n  a ls o  b e  
e s t im a te d  from  th e  c a lc u la te d  v a lu e s .  T h is  v a r ie s  from  7 .3  dB  a t  th e  z e ro  b ia s  
ex c ito n  p e a k  to  14  dB  a t  low er w a v e le n g th s . T h is  fig u re  is im p ro v e d  u p o n  by  
o p e ra tin g  a t an  ap p lied  v o lta g e  of - 8  V, w h e re  th e  c o n tra s t  of 4  dB  is a c c o m p a n ie d  
by a  low  in se rtio n  lo s s  of 3  dB , with a n  a c c o m p a n y in g  v a lu e  of 7 .7  dB  a t  s h o r te r  
w a v e le n g th s  w h e re  th e  op tica l c o n tra s t  is 7  dB .
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F ig u re  5 .1 4 .3  C o n trast ratio b e tw een  -1 V an d  -8 V s p e c tra  for CB 184
5.15 Discussion and conclusion
T h e  d e s ig n  a n d  fabrica tion  of two c o u p le d  well s tru c tu re s  h a s  b e e n  u n d e r ta k e n . In 
th e  first s tru c tu re  2 0 0  w ells w e re  c o u p le d  to g e th e r  to  form  a  s u p e r la tt ic e . A s with 
th e  p re v io u s  iso la te d  well d e v ic e  an  e le c tro a b so rp tio n  tra n s m is s io n  m o d u la to r  w a s  
fa b ric a ted . O n a s s e s s in g  th is  d ev ice  h o w ev er it w a s  found  th a t ra th e r  th a n  a n y  c le a r  
'b lu e  shift' of th e  a b so rp tio n  e d g e  taking p la c e  on  th e  app lica tion  of a  re v e rs e  v o ltag e , 
th e  e ffec t o b s e rv e d  is s im ila r to  th e  F ran z -K e ld y sh  e ffec t. T h is  is n o t su rp r is in g  
c o n s id e r in g  th a t  th e  e le c tro n ic  w a v e fu n c tio n s  a r e  n o t in h ib ite d  from  tu n n e lin g  
th ro u g h  th e  thin b a rrie rs , lead ing  to  a  la rg e  reduc tion  in o v e rla p  b e tw e e n  th e m .
T h e  s p e c t r a  w e re  c o m p a re d  w ith th e o ry  a n d  it w a s  p o s s ib le  to  d ra w  a  few  
c o m p a riso n s  b e tw e e n  th e  tw o s e ts  o f d a ta . B oth s e t s  o f d a ta  sh o w e d  m an y  tran s itio n s  
for th e  cond ition  of z e ro  ap p lied  b ia s , a lth o u g h  it w a s  m o re  difficult to  d e te rm in e  th e  
p o sitio n  of th e s e  tra n s itio n s  in th e  e x p e rim e n ta l d a ta .  W h en  th e  e le c tr ic  field  w a s  
in c r e a s e d  th e  n u m b e r  of tra n s i t io n s  d e c r e a s e d  in b o th  th e  th e o re t ic a l  a n d  
e x p e rim e n ta l re su lts . T h e  m o s t in te re s tin g  fe a tu re  of th e  c o m p a r iso n  is th a t  th e re
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w e re  m any  c ro s s o v e r  po in ts  b e tw e e n  th e  z e ro  ap p lied  cond ition  a n d  th a t of an  ap p lied  
r e v e r s e  v o lta g e . It is  a t  th e s e  p o s itio n s  th a t  'b lu e  sh if ts ' o f th e  a b s o rp tio n  e d g e  
a p p e a r  to  ta k e  p lace . T h e  w av e le n g th s  o f th e  c ro s s o v e r  po in ts  b e tw e e n  th eo re tica l a n d  
e x p e r im e n ta l re s u lts  a re  o ften  sim ila r b u t u n c e r ta in t ie s  in th e  w ell w id th  of th e  
e x p e rim e n ta l s tru c tu re  a n d  e ffe c ts  o f u n in ten tio n a l d o p in g  a n d  no n  uniform  e le c tr ic  
field m e a n  th a t th e  m o d elled  a n d  ex p erim en ta l re su lts  a re  no t in p e rfe c t a g re e m e n t.
O n th e  b a s is  of th e  e x p e rim e n ta l re s u lts  o b ta in e d  for th e  s u p e r la t t ic e  s tru c tu re  
CB 102 , a  n ew  ac tive  layer w a s  d e s ig n e d . T h e  p rev io u s  re su lts  h a d  sh o w n  th a t it w a s  
n o t p o s s ib le  to  s e e  a  c le a r  sh ift o f th e  a b so rp tio n  e d g e  in e i th e r  d irec tio n . It w a s  
d e c id e d  th a t  th e  p ro b a b le  r e a s o n  for th is  w a s  th a t  th e  w a v e fu n c tio n  c o u ld  tu n n e l 
th ro u g h o u t th e  s tru c tu re  u n h in d e re d  by  th e  th in  b a r r ie rs . In th e  c a s e  of iso la te d  
w ells  th e  F ran z-K e ld y sh  e ffec t w a s  e n h a n c e d  o v e r  bu lk  m a te r ia ls  by con fin in g  th e  
w av efu n c tio n  to  p o ten tia l w ells, a n d  th e  logical s te p  from  th e  s u p e r la tt ic e  s tru c tu re  
to  a n  e n h a n c e d  m o d u la to r  w a s  a ls o  to  c o n fin e  th e  w a v e fu n c tio n , b u t w ith o u t 
co m p le te ly  d e s tro y in g  th e  effec t d u e  to  coup ling . T h is  w a s  a c h ie v e d  by form ing  p a irs  
o f c o u p le d  w e lls , w h e re  th ick  b a r r ie rs  5 0  A w e re  u s e d  to  is o la te  p a ir s  o f 5 0  A 
w ells  c o u p le d  by  3 0  A b a rr ie rs .
U n fo r tu n a te ly  in th is  c a s e  it w a s  im p o s s ib le  to  f a b r ic a te  a  t r a n s m is s io n  
e le c tro a b s o rp tio n  m o d u la to r  a s  th e  ep itax ia l la y e rs  f ra c tu re d  o n  re m o v a l o f th e  
s u b s t r a te .  It w a s  h o w e v e r  p o s s ib le  to  a s s e s s  th e  s t ru c tu re  u s in g  p h o to c u r re n t  
s p e c tro s c o p y . T h e  p h o to c u rre n t re su lts  sh o w e d  a  c le a r  'b lu e  sh ift' o f th e  a b so rp tio n  
e d g e  for a n  a p p lie d  v o lta g e  of -1 V. T h is  e ffe c t s a tu r a te d  a t  -3  V a n d  th e n  th e  
ab so rp tio n  e d g e  a p p e a re d  to  red  shift to low er e n e rg ie s .
T h e re  w a s  r e a s o n a b le  a g r e e m e n t  b e tw e e n  th e  e x p e r im e n ta l  a n d  th e o re t ic a l  
b e h a v io u r  o f th is  s tru c tu re  up  to  fie ld s  of 3 0  kV /cm , w ith tra n s it io n s  o c c u rrin g  a t 
s im ila r  w a v e le n g th s  a n d  s im ila r it ie s  in th e  m a g n itu d e  o f th e  s h if ts .  M o st 
significantly , in bo th  s e t s  o f re su lts  th e  e ffec t s a tu ra te d  a t  th e  s a m e  v a lu e  o f e lec tr ic  
f ie ld , -3  V (2 4  0 0 0  V /cm ). D is c r e p a n c ie s  b e tw e e n  th e o ry  a n d  e x p e r im e n ta l  
r e s u lts  a r e  p ro b a b ly  d u e  to  u n c e rta in ty  in th e  well a n d  b a r r ie r  w id th . At h ig h e r  
fields th e  m odel b roke  dow n bu t th e  ex perim en ta l d a ta  sh o w e d  a  red  shift.
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From  th e s e  re su lts  it w a s  p o ss ib le  to d e d u c e  th a t it is p o s s ib le  to  fa b r ic a te  a  low 
d riv e  v o lta g e  (-1 V) norm ally  off m o d u la to r  c a p a b le  of a  m ax im u m  c o n tr a s t  ra tio  
7 .5 :1  (8 .7 5  dB) a t  8 1 4  nm  u sin g  p a irs  o f c o u p le d  w e lls . O th e r  low  e le c tr ic  fie ld s  
a ls o  p ro v id e  e q u a lly  c o m p e titiv e  c o n tr a s t  ra tio s  for th is  la y e r  d e s ig n  e .g .  - 8  V 
giving a n  o p tica l c o n tra s t  of 5:1 (7 dB ). F u tu re  w ork in th is  a r e a  w ould  b e  to  te s t  a  
n ew  lay e r of th is  d e s ig n  c a p a b le  of o p e ra tin g  a s  a  reflec tion  m o d u la to r . O p tim ised  
d e v ic e s  co u ld  a lso  b e  d e s ig n e d  on  th e  b a s is  of th e  th e o re tic a l m o d e l w hich c lo se ly  
p red ic ted  th e  b eh av io u r of th e  c o u p le d  w ells.
T h e  co u p led  p a irs  of w ells co u p led  a lso  b e  u s e d  to fab rica te  a  SLM . D ue to  th e  n a tu re  
of th e  sh if ts , b o th  b lu e  a n d  red , a c h ie v e d  with th is  d e s ig n  it w ou ld  b e  p o s s ib le  to  
m a k e  a  v e ry  low drive v o ltag e  d ev ice  c a p a b le  of high c o n tra s t  ra tio s  a t a  n u m b e r of 
w a v e le n g th s .
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6 Conclusion
T h e  inv estig a tio n  of m ultiple q u a n tu m  well m o d u la to rs  h a s  b e e n  u n d e r ta k e n  : th re e  
tra n s m is s io n  e le c tro a b so rp tio n  m o d u la to r  w e re  s tu d ie d , a n  iso la te d  well d e v ic e , a  
c o u p le d  well su p e r la ttic e  d e v ic e  a n d  a  d ev ice  in w hich  p a irs  of c o u p le d  w ells  w e re  
iso la ted  from  e a c h  o th e r  by b a rrie rs . T h e  iso la ted  d ev ice  w a s  s u b s e q u e n tly  fa b ric a ted  
into a  4  x 4  a rra y  for u s e  a  sp a tia l light m odu la to r.
E ach  of th e  m o d u la to rs  w e re  d e s ig n e d  to in co rp o ra te  e q u a l a m o u n ts  of G aA s in th e ir 
in trin sic  re g io n s , th u s  with th e  s a m e  a m o u n t of a b so rb in g  m a te ria l in th e  d e v ic e s  
d irec t c o m p a riso n  of th e  a b so rp tio n  co effic ien t is p o s s ib le . T h is  w a s  fo u n d  to  v a ry  
slightly  b e tw e e n  th e  th re e  s tru c tu re s . F or th e  iso la ted  well d e v ic e  w h e re  th e  a m o u n t 
of G aA s in th e  in trinsic  reg ion  w a s  1 .2 4  pm , th e  m ax im um  v a lu e  of th e  a b so rp tio n  
c o e ff ic ien t w a s  3 9 0 0 0  cm "1 . F or th e  p a irs  of co u p led  w ells d e v ic e  th is  w a s  re d u c e d  
to  3 6 0 0 0  c m '1 with th e  a m o u n t of G aA s in th e  in trinsic  reg io n  d e s ig n e d  to  b e  1 pm . 
A lo w er m ax im u m  a b s o rp tio n  c o e ff ic ie n t o f 2 9 0 0 0  c m '1 w a s  o b ta in e d  fo r th e  
s u p e r la ttic e  d e v ic e  w hich  w a s  a lso  d e s ig n e d  to  h a v e  1 p m  of G aA s in th e  in trinsic  
reg ion . T h e  d isc re p a n c y  b e tw e e n  th e s e  v a lu e s  a r is e s  b e c a u s e  th e  a c tu a l w idth of th e  
w e lls  in th e  in trin sic  reg io n  w e re  no t d e te rm in e d  fo r la y e rs  C B 1 0 2  a n d  C B 1 8 4 .  
T h is cou ld  h a v e  b e e n  p erfo rm ed  u sing  TEM  but a c c e s s  to  su c h  e q u ip m e n t w a s  no t 
a v a ila b le .
F or th e  iso la te d  well s tru c tu re , lay er CB 2, th e  m ax im um  A a  w a s  c a lc u la te d  to b e  
1 6 0 0 0  c m '1 a t  8 3 7  nm  for a  d rive  v o lta g e  of -2 5  V, a s  sh o w n  in F ig u re  6 .1 . A 
m uch  re d u c e d  v a lu e  of 1100  c m '1 w a s  found  for th e  c o u p le d  well su p e r la ttic e , w hich 
w a s  a ttr ib u te d  to  th e  inability  o f th is  s tru c tu re  to  p re v e n t  th e  w a v e fu n c tio n  from  
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F ig u re  6.1 M axim um  c h a n g e  in th e  a b so rp tio n  co e ffic ien t o b ta in e d  for C B  2
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Figure 6.2 Maximum change in the absorption coefficient obtained for CB 102
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In th e  c o u p le d  p a irs  of well d e v ic e , w h e re  cou p lin g  of th e  w av e fu n c tio n  w a s  still 
e x p lo ited  b u t co n fin ed  to  tw o w ells, a  m u ch  la rg e r  A a  w a s  o b ta in e d . F o r a  d rive  
v o lta g e  of -1 V A a w a s  fo u n d  to  b e  2 0 0 0 0  c m '1 a t  a  w a v e le n g th  of 8 1 4  nm , a s  
sh o w n  in F igu re  6 .3 . T h is d e v ic e  ex h ib ited  in te re s tin g  b e h a v io u r  a n d  up  to  fie ld s  of 
2 4  0 0 0  V /cm  c lo se ly  fo llow ed  th e  th e o re tic a lly  e x p e c te d  b e h a v io u r . T h e  re s u l ts  
h o w e v e r  w e re  o b ta in e d  u s in g  p h o to c u rre n t s p e c tro s c o p y  a n d  s o  th e re  is s o m e  
u n certa in ty  a b o u t th e  ac tu a l p e rfo rm a n c e  th a t w ould  b e  o b ta in e d  from  a  tra n sm iss io n  
m o d u la to r .
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F ig u re  6 .3  M axim um  c h a n g e  in a b so rp tio n  o b ta in e d  for C B  184
T h e  iso la te d  well d e v ic e  exh ib ited  a  high c o n tra s t  ra tio  8 .9 5  dB  for a  d rive  v o lta g e  
of - 2 5  V a t a  w a v e le n g th  of 8 3 7  nm . T h e  in se rtio n  lo s s  a t  th is  w a v e le n g th  w a s  
4 .9  dB  w hich , by th e  u s e  of an ti-reflection  c o a tin g s , co u ld  b e  re d u c e d  to  1 .9  dB . At 
low er d rive  v o lta g e s  ( -2 0  V) a  u se fu l o p tica l c o n tra s t  is a lso  o b ta in e d  (8 .2 6  dB ).
T h e  iso la ted  well m o d u la to r w a s  u se d  to  form  th e  e le m e n ts  of a  4  x 4  a rra y  of an  
SLM . U sing a  m o re  c o m p lic a te d  fab rica tio n  p r o c e s s  th a n  re q u ire d  fo r th e  s in g le  
d e v ic e s ,  it w a s  p o s s ib le  to  m a k e  an  SLM c a p a b le  of b e in g  b o th  o p tica lly  a n d  
e lec trically  a d d re s s e d .  T h e  o p e ra tio n  of th e  d e v ic e  w a s  no t sign ifican tly  a ffe c te d  by
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th e  line a d d re s s in g  s y s te m  e m p lo y e d  w hich  re s u lte d  in a  v o lta g e  half th e  d rive  
v o ltag e  being  ap p lied  to n o n -se le c te d  e le m e n ts . H ow ever th e  c ro ss ta lk  involved d u e  to 
th is  d e te rm in e d  th a t  th e  d e v ic e  sh o u ld  b e  o p e ra te d  a t  838 .1  nm  a n d  th e  o p tica l 
c o n tra s t  w ou ld  b e  re d u c e d  to  6.1 dB . T h e  a d v a n ta g e  of u s in g  su c h  a n  a d d re s s in g  
sy s te m  is th a t it c a n  b e  ea s ily  u tilised  in la rg e r a rra y s .
T h e  su p e r la ttic e  d e v ic e  in v e s tig a te d  d id  n o t exh ib it h igh c o n tra s t  ra tio s  b u t ra th e r  
th e  b e h a v io u r  w a s  s im ila r to  th a t  o b s e rv e d  fo r bu lk  d e v ic e s .  T h e re  w e re  s o m e  
s im ila rities b e tw e e n  th e  e x p e rim en ta l a n d  th e o re tic a l b e h a v io u r  of th e  lay e r d e s ig n , 
b u t u n c e r ta in tie s  in th e  well w id th s  a n d  th e  non  uniform  e le c tr ic  field m e a n t th a t 
c o m p le te  a g re e m e n t  co u ld  no t b e  o b ta in e d . T h e  s e c o n d  of th e  tw o c o u p le d  well 
s t ru c tu re s  CB 1 8 4 , w hich  in c o rp o ra te d  p a irs  o f w e lls  is o la te d  by  th ick  b a r r ie rs , 
exhib it th e  h ig h e s t c h a n g e  in th e  ab so rp tio n  coeffic ien t o f th e  th re e  d e v ic e s . T his w a s  
2 0 0 0 0  c m '1 a t  a  w av e len g th  of 814  nm  for an  ap p lied  b ia s  of -1  V. T h e  b e h a v io u r  
o f th is  d e v ic e  w a s  a ls o  a d e q u a te ly  p re d ic te d  by  th e o ry  a t  e le c t r ic  f ie ld s  
< 2 4  0 0 0  V /cm . A b o v e  th is  fie ld  th e  d e v ic e  e x h ib ite d  th e  re d  sh if t n o rm a lly  
o b s e rv e d  in iso la te d  well s tru c tu re s .
In fu tu re  w ork  th e  in co rp o ra tio n  of th e  c o u p le d  p a irs  o f w ell d e s ig n  in th e  SLM 
cou ld  le a d  to  a n  a rray  d ev ice  c a p a b le  of high op tical c o n tra s t  o v e r  a  la rg e  w av e len g th  
ra n g e , with v e ry  low v o lta g e s  req u ired  to  d rive it. T h e  s tru c tu re  d e s c r ib e d  a s  p a r t of 
th is  w ork  lay e r C B  184  co u ld  b e  o p tim ised  fu rth e r by u s in g  th e  th e o re tic a l m odel 
d e s c r ib e d  in C h a p te r  5 . Finally, if th e  p a irs  of c o u p le d  w ells  w e re  in c o rp o ra te d  in a  
reflec tion  m o d u la to r su c h  a s  th o s e  m e n tio n e d  in C h a p te r  1 th e n  v e ry  la rg e  op tica l 
c o n tra s t  ra tio s  sh o u ld  b e  p o ss ib le  a t low e lec tr ic  fie lds a n d  th u s  low d rive  v o lta g e s . 
T h e  u s e  o f re flec tio n  m o d e  e n h a n c e s  th e  c o n tr a s t  ra tio  by  -  14  dB  [ G . P a rry  
p r iv a te  c o m m u n ic a tio n  ].
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Appendix A
Theoretical model to calculate the energy levels and the miniband
widths of a superlattice
T h e  K ro n ig -P en n ey  m odel w a s  o u tlin ed  in C h a p te r  2 . T h is  m odel c a n  b e  u s e d  to  
d e te rm in e  inform ation  a b o u t th e  e n e rg y  b a n d s  of a  su p e r la ttic e  s tru c tu re  w h e re  th e  
b a rrie rs  b e tw e e n  th e  w ells is thin e n o u g h  to  allow  coup ling  b e tw e e n  th em .
T his m odel is a d a p te d  to  a c c o u n t for th e  effec tive  m a s s  d iffe re n c e . T h e  e q u a tio n s  
d e r iv e d  for th is  m e th o d , a re  su m m a rise d  b e lo w  a n d  th e  h e lp  a n d  w ork  o n  th is  by 
Clivia S o to m a y o r T o rre s  of th is  D ep a rtm en t is g ratefu lly  a c k n o w le d g e d .
C o n s id e r  a  su p e rla ttic e  with well w idth a , b a rr ie r  th ic k n e s s  b  a n d  b a rr ie r  h e ig h t V 
a s  sh o w n  in F igure A.1
b
x
Figure A.1 S u p erla ttice  S tru c tu re
Let th e  m a s s  in th e  well b e  m w , th a t is th e  G aA s m a s s ,  a n d  th e  m a s s  in th e  b a rrie r  
b e  m ^ , th a t is th e  AIGaAs m a s s . T he  m in iband  d isp e rs io n  re la tion  E(k) is g iven  by:
E < V
v
r ~;£L sinh(Vv"f) sm (-\/e(l -  f))+  cosh(-\/v"f) c o s(V ^ (l~  f)) = cos(k) 
2 v v e
E > V
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—- ~7=S I  sin (a/v"f) sin (-s/e~(l -  f)) + cosC-x/v”f) cos(-\/£ (l _  f)) = cos(k) 
2V ve
E = V
— ^ 2 *^  sin (* \/e(l -  f)) + cos( V F (1  -  f)) = cos(k)
w h e re  th e  d im e n s io n le s s  p a ra m e te rs  a re :
e = 2(a + b )2m w- ^V
v = 2 ( a + b ) 2mJ V ~ E  ^
h
k = (a + b) k
f = — - —
(a + b)
m br = ——m  w
T h e  so lu tio n s of th e s e  give th e  m in ibands. By plotting E a g a in s t k th e  m in iband  e d g e s  
c a n  b e  o b ta in e d . T h e s e  o c c u r  w h en  k=n7t, th a t is th e  ro o ts  of 1, 2 , a n d  3  w h en  
co s(k )=  -1 o r  1.
A c o m p u te r  p ro g ram  c a lle d  K ro n ig -P en n ey  w a s  w ritten  to  p ro v id e  th e s e  so lu tio n s  
a n d  u s in g  th e  re le v a n t p a ra m e te r s  re s u lts  for th e  s u p e r la t t ic e  s tru c tu re  CB 102  
w e re  o b ta in e d .
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Appendix B
Theoretical modelling of the absorption spectrum for a superlattice 
s t ru c tu re
T h e  m odelling  in th is  th e s is  o f th e  ab so rp tio n  s p e c tra  w a s  b a s e d  directly  on  th a t 
d e m o n s tr a te d  by  B le u s e  [ 1 9 8 8 ] .
T h e  e le c tro a b so rp tio n  of a  su p e rla ttic e  is s tu d ie d  h e re  within th e  fram ew o rk  of a  
tigh t b ind ing  a n a ly s is  o f th e  e n v e lo p e  w av e fu n c tio n s , w h e re  s e v e ra l ap p ro x im a tio n s  
h a v e  b e e n  u s e d . A (2N +1) p e rio d  su p e r la ttic e  te rm in a te d  by infinite p o ten tia l 
b a rrie rs  is c o n s id e re d . A c o n s ta n t e lec tric  field F is a p p lied  a lo n g  th e  grow th ax is  z , 
a n d  th e  a s s o c ia te d  e le c tro s ta tic  po ten tia l e F z  v a n is h e s  a t th e  c e n tre  of th e  s tru c tu re . 
Let 0 (z) b e  th e  en v e lo p e  e igen function  of th e  g ro u n d  s ta te  of a n  iso la ted  q u an tu m  well 
c e n te re d  a t th e  origin. In th e  s im p le  n e a re s t  n e ig h b o u r tigh t b ind ing  a n a ly s is , only 
o n e  level p e r  q u an tu m  well is re ta in ed , a n d  th e  su p e rla ttic e  e ig e n s ta te s  a re  e x p a n d e d  
as
- N
At z e ro  e lec tric  field, th is m e th o d  le a d s  to  th e  well know n q u a s ic o n tin u o u s  sp e c tru m  
of th e  co n d u c tio n  m in iband:
T h e  c o rre sp o n d in g  e ig en fu n c tio n s  a re  e x te n d e d  th ro u g h  th e  en tire  s tru c tu re , a s
N
B.1
e = E - 2 X ,  cos(qd) q 1 c B .2
w ith
q i  = —r r —  ( l < i < 2 N  + l )  
^  2 (N + 1 ) B .3
1  sin(nqd), w ith qJ = O ^ j s N )
C = [---- -----
rci ( N + l )
cos(nqd), w ith qd =  - - - - - -  ( O s j ' ^ N )
B .4
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With th e  s a m e  a ssu m p tio n s , in th e  p re s e n c e  of an  e lec tric  field F stro n g  e n o u g h  so  
th a t th e  to ta l po ten tia l d ro p  is la rg e r th a n  th e  m in iband  w idth ( 2 k c « N eF d  ), th e  
s a m e  tigh t-b inding  a n a ly s is  p re d ic ts  th a t th e  m in iband  sp e c tru m  is re p la c e d  by  an  
ev en ly  s p a c e d  sp e c tru m  h e re a f te r  ca lled  a  W a n n ie r-S ta rk  lad d er,
e v = E 1+ v e F d ,  -  N < v < + N B .5
a n d  th e  c o rre sp o n d in g  e ig en fu n c tio n s  a re  g iven  by eq u a tio n  1, with
c n v “  J  n - v
r 2 X c '
eFd B .6
w h e re  J m is th e  B e sse l function of in teg e r index  m. T h e  a sy m p to tic  e x p a n s io n  of J n_ 
for sm all a rg u m e n ts  y ie ld s
C nv =
1
_(|n — v |) !_
/  \ |n "  v|
' * 0
eFcU B J
w hich c o r re s p o n d s , a t la rg e  e lec tric  fie lds, to  a  f a s te r  th a n  e x p o n e n tia l localization  
of th e  w av e  function of s ta te  v in th e  vicinity of th e  q u a n tu m  well o f th e  s a m e  
i n d e x . [ K a z a r in o v  1 9 7 2  a n d  L u b a n  1 9 8 7  ]
It c a n  b e  show n  th a t th e  d ifference  b e tw een  th e  e x a c t sp e c tru m  a n d  th e  reg u la r s p a c e d  
lad d e r is a n  e d g e  effect, w hich b e c o m e s  negligible for m o st of th e  s ta te s  v<N , a s  so o n  
a s  N b e c o m e s  la rg e . It is th u s  re lev an t to c a lc u la te  th e  ab so rp tio n  sp e c tru m  u sin g  th e  
sp e c tru m  given b e  eq u a tio n  B.5 a n d  th e  a s s o c ia te d  w av e  func tions, eq u a tio n  B .6. In 
th e  limit o f th ick  su p e r la ttic e s , th e  a b so rp tio n  is found  to  b e  e q u a l to
+ N
a(b<o) = (2N+ l)a„ X J2- n ( T ) Y( htfl ‘  ( Eg + E. + Hi +meFd) )  B.8
m = -  N
Eg b a n d g a p  of th e  well m ateria l
Y th e  unit s te p  function
eFd
Xc th e  m o d u lu s of th e  tra n s fe r  in teg ral b e tw e e n  n e a re s t  n e ig h b o u rs
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in th e  conduction  b a n d  
Xw th e  m o d u lu s of th e  tra n s fe r  in teg ral b e tw e e n  n e a re s t  n e ig h b o u rs
in th e  v a le n c e  b a n d
2 ^
27ce P M  n
« 0  = ----------- 2 = 0 .0 0 6
ncm  0h to
M in -p lan e  re d u c e d  m a s s  of th e  e le c tro n -h o le  pa ir
P  is th e  K an e  m atrix  e le m e n t
n o p tica l index
J  m (x) B e sse l function of o rd e r  x a n d  index m
h P la n k s  c o n s ta n t  = 6 .6 2 6  x 10 _34 J - s
A c o m p u te r  p ro g ra m  w a s  w ritten  to  s o lv e  th is  e q u a tio n , B .8 , a n d  th u s  th e  
a b so rp tio n  s p e c tr a  of th e  su p e r la tt ic e  lay e r CB 102  a n d  a lso  th e  p a irs  of c o u p le d  
w ells  s tru c tu re , CB 1 84 , u n d e r  a n  ap p lied  field w e re  m o d e lle d . T h e s e  re s u lts  a re  
p r e s e n te d  in c h a p te r  5 . A m o re  d e ta ile d  a c c o u n t of th e  th eo ry  of th is  m o d el c a n  b e  
fo u n d  in B le u se  1988 .
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